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Malaria toxin causes hypoglycemia and induction of tumor necrosis factor. Extracts of parasitized eryth- 
rocytes which were coeluted and copurified with one of the two subtypes of mammalian insulin- mimetic 
inositolphosphoglycans similarly induced fibroblast proliferation in the absence of serum. In addition, induc- 
tion of tumor necrosis factor in macrophages by malaria toxin and by lip opoly saccharide from Escherichia coli 
was enhanced by pretreatment of these toxins with ogalactosidase. Thus, parasitized erythrocytes contain 
both soluble inositolphosphoglycan-like insulin second messengers and endo toxin-like lipidic molecules. 



Since the severity of clinical manifestations of malaria is 
correlated with the presence of tumor necrosis factor (TNF) in 
the circulation (8, 13, 15), components of parasitized erythro- 
cytes which induce its production and cause hypoglycemia (25) 
are customarily referred to as toxins (11). The TNF-inducing 
activity is associated with a phospholipid (1, 3) and is inhibited 
by inositol monophosphate (2). The hypoglycemia associated 
with malaria correlates with hyperinsulinemia (6). Toxin prep- 
arations also synergize with insulin in stimulating lipogenesis in 
adipocytes in vitro (26). 

Insulin second messengers. Insulin second messengers are 
derived from membrane-associated glycosylphosphatidylinosi- 
tol (GPT) (7). Inositolphosphoglycans (TPGs) are released out- 
side the cell by the action of a phosp ho lipase which is activated 
following receptor ligation by insulin. A family of structures 
with A- and P-type subfamilies which are functionally and 
chemically distinct exists, and their release is tissue specific 
(14). The A-type mediators rnimic the iipogenic activity of 
insulin on adipocytes, whereas the P-type mediators mimic the 
glycogenic activity of insulin on muscle. Both A- and P-type 
mediators are mitogen ic when added to fibroblasts in serum - 
free medium. 

To see if parasitized erythrocytes contain IPG-like activities, 
they were extracted as described previously for rat and bovine 
tissues (14, 17). Female CD1 mice (Charles River Ltd., Mar- 
gate, Kent, United Kingdom) infected with Plasmodium yoelii 
YM (from A. Holder, National Institute of Medical Research, 
London, United Kingdom) were bled, and washed erythrocytes 
(RBCs) containing more than 80% schizonts of P. yoelii were 
incubated at 37°C overnight at 2 X 10 s cells per ml in 50 ml of 
Earle's balanced salt solution (Life Technologies Ltd.); unin- 
fected RBCs at 2 X 10 9 /ml were used as a control. They were 
then dried in a rotary evaporator and extracted by being boiled 
in 50 mM formic acid containing 1 mM EDTA and 1 mM 
p-mercaptoethanol and then centrifuged at 29,500 X g for 90 
min. The supernatant was treated with charcoal (10 mg/ml) on 
ice and recentrifuged. The clear supernatant was diluted to 5 
mM formic acid, adjusted to pH 6.0 with 10% NH 4 0H, and 
shaken overnight with AG1X8 (formate form) resin (Bio-Rad, 
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Hemel Hempstead, United Kingdom). The resin was then 
poured into a chromatography column and washed with water 
and 1 mM HC1 (2 bed volumes of each). It was eluted with 10 
mM HC1 (5 bed volumes), yielding P-type IPG, followed by 50 
mM HC1 (5 bed volumes), yielding A-type IPG. The two frac- 
tions were adjusted to pH 4.0 with 10% NH 4 OH and then 
dried, and each was dissolved in 200 ut of BSS and adjusted to 
pH 7.0. Rat liver after insulin infusion was also extracted as a 
positive control, and the presence of A-type (50 mM HC1 
eluate) and P-type (10 mM HC1 eluate) IPGs was confirmed by 
their biological activities (14). 

The two fractions obtained from erythrocytes were assayed 
for their ability to support proliferation of epidermal growth 
factor receptor-transfected T17 fibroblasts (gift from I. Varela- 
Nieto) in the absence of serum (18). Cells (10 4 per well) were 
grown overnight in 96-well plates in Dulbecco's modified Ea- 
gle's medium (DMEM [Life Technologies Ltd., Paisley, Scot- 
land]) containing 10% fetal calf serum and 10 fxg of ciprofloxa- 
cin (Ciproxin; Bayer, Newbury, Berkshire, United Kingdom) 
per ml, washed free of serum, and maintained in serum-free 
DMEM for a further 24 h. They were then incubated, in trip- 
licate, with serial dilutions of the erythrocyte-derived fractions 
in serum-free DMEM, DMEM with 10% fetal calf serum, and 
P- and A-type mediators from rat liver (diluted 1/40) as con- 
trols. After 18 h, cells were pulsed with [ 3 H]thymidine (1 |xCi 
per well; Amersham, Buckinghamshire, United Kingdom) for 
4 h, detached by trypsinization, and harvested, and DNA- 
incorporated radioactivity was determined. 

Extracts from parasitized but not from uninfected RBCs 
supported cell proliferation, the activity of the 10 mM eluate 
(P-type IPG) greatly exceeding that of the 50 mM eluate (A- 
type TPG) (Fig. 1). This activity was not directly related to their 
content of organic phosphate as determined by standard mo- 
Iybdate assay. Thus, the 10 mM eluate from parasitized RBCs 
contained 7.6 nmol/jil, compared with 28 nmol/ul in the 50 
mM eluate. The uninfected RBC fractions contained 5.3 and 
13.4 nmol/u-1, respectively. The comparable fractions from rat 
liver contained 13.2 and 27.6 nmol/uL The 10 mM fraction also 
stimulated pyruvate dehydrogenase phosphatase activity (data 
not shown). Proliferative activity was only found in the 50 mM 
eluate at the lowest dilution. Neither fraction induced TNF. 
The smaller amount of A-type activity supports the original 
observation that most toxin preparations had no direct effect 
on lipogenesis in adipocytes (26). Since the aqueous extracts 
we employed would not have contained lipid-soluble GPI 
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FIG. 1. IPG activity of malaria toxin assessed by proliferation of fibroblasts 
transfected with the human epidermal growth factor receptor. Cells were incu- 
bated in the absence of serum (control) or with serial dilutions made from the 
IPG-containing solutions of RBCs infected with P. yoelii (LPy) or normal RBCs 
(NRBC). As positive controls, 10% fetal calf serum (FCS) and A-type and P-type 
IPG, obtained from rat liver as described previously (14), were included (10 
of stock solution represents the amount of mediator recovered from 800 mg (wet 
weight) of liver). Values are means ± standard deviations of triplicate determi- 
nations. 



structures, our results cannot be compared directly with those 
described by Schofield and Hackett (22). 

Structural components of the malaria toxin. Structural com- 
ponents of malaria toxin which affect activity have been in- 
ferred from enzymatic and chemical treatments. TNF induc- 
tion by malaria toxin is unaffected (3) by treatment with dilute 
HONO. This resistance to HONO distinguishes the active por- 
tion of lipidic TNF-inducing malaria toxin from GPI anchors of 
proteins which, like IPG, are degraded by HONO, because of 
the presence of a non-Af-acetylated hexosamine residue. Gly- 
coconjugates from parasites, such as lipophosphoglycans at- 
tached to the membrane via GPI anchors (16) and the glycan 
moiety of GPI-anchored proteins (27), contain ot-galactose res- 
idues. Likewise, bacterial lipopolysaccharide (LPS) contains 
a-galactose residues (20). a-D-Galactosidase has also been 
shown to alter the antigenicity of an antigen in Plasmodium 
falciparum culture medium (12) which induces TNF (23). To 
see if the TNF-inducing activity of malaria toxin contained 
a-galactose residues, we treated both the malaria toxin and 
LPS with a preparation of a-galactosidase. 

Mice bred here [(CBA X BALB/c)F a or (CBA X C57Bl)F t ] 
were infected with P. yoelii YM or Plasmodium berghei ANKA 
Parasitized RBCs (10 8 /ml) in BSS were incubated at 37°C 
overnight and then disrupted by freezing and thawing, digested 
overnight with 250 u,g of pronase E (Sigma) per mg of protein 
(determined by Bio-Rad assay), boiled, treated with 25 u,g of 
polymyxin B agarose (Sigma) per ml to eliminate endotoxin, 
filtered through a 0.2-u,m-pore-size filter (Sartorius AG, Got- 
tingen, Germany), and stored at 4°C (24). TNF induction from 
thioglycolate-induced peritoneal macrophages and enzyme- 
linked immunosorbent assays (ELISAs) for murine TNF were 
described previously (24). Polymyxin B (5 u-g/ml) was included 
in all experiments with malaria toxin to exclude effects of 
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FIG. 2. Typical enhancement of the TNF-inducing ability of malaria toxin by 
treatment with a-galactosidase from two different sources. Serial dilutions of an 
extract of parasitized RBCs which (undiluted) induced 435 ng of TNF per ml as 
determined by EUSA and which induced 30,400 U/ml in the bioassay were 
incubated at pH 6.0 at 37°C overnight with a series of concentrations of a-ga- 
lactosidase from Sigma or from Oxford GlycoSystems, boiled, neutralized, and 
then tested on macrophages for TNF induction by bioassay and ELISA. (Means 
of duplicate determinations are shown.) The amount of TNF that would have 
been induced by the original undiluted extract was then calculated. O, units per 
milliliter by bioassay (enzyme from Sigma); #, nanograms per milliliter by 
ELISA (enzyme from Sigma); ■, nanograms per milliliter by ELISA (enzyme 
from Oxford GlycoSystems). 



contamination with LPS. A more sensitive one-plate procedure 
for TNF production and assay was also used (5). Cytotoxicity 
assays for TNF were done with L929 cells (23). Green coffee 
bean a-D-galactosidase was obtained from two sources (Sigma, 
Poole, Dorset, United Kingdom, and Oxford GlycoSystems, 
Ltd., Abingdon, Oxford, United Kingdom). 

A significant increase in TNF induction in macrophages was 
reproducibly observed when more than a dozen different ex- 
tracts of RBCs infected with P. yoelii and three infected with P. 
berghei (but not uninfected RBC controls that did not induce 
TNF) were pretreated with a-D-galactosidase. A typical titra- 
tion showing dose-dependent enhancement of TNF induction 
by one sample of malaria toxin treated with increasing amounts 
of a-galactosidase is shown in Fig. 2. The amount of TNF 
enhancement by any concentration of a-galactosidase de- 
pended on toxin potency, with higher dilutions of toxin always 
showing greater enhancement. No TNF was induced from 
macrophages incubated with only 2 U of enzyme per ml, and 
no enhancement occurred with boiled enzyme, again excluding 
any contribution from contaminating LPS, which is heat stable. 
Macrophages treated with 2 U of enzyme per ml for 1 h at 37°C 
and then stimulated with toxin or 2 or 10 ng of LPS per ml did 
not secrete more TNF than untreated cells. 

The a-galactosidase hydrolysis of/?-nitrophenyI-a-D-galacto- 
pyranoside (aPNP-Gal) is optimal at pH 6.0 (4, 9) and unde- 
tectable at pH 8.0 (9), as we confirmed, but enhancement of 
TNF induction by malaria toxin was greatest at pH 8.0 (Fig. 3). 
The TNF-inducing activity of LPS was also enhanced with a pH 
profile similar to that of the toxin, indicating a homologous 
structure-function relationship. The degree of enhancement 
also varied with the concentration of LPS, and at higher con- 
centrations, enhancement was also detectable at pH 6.0. 

The most likely explanation for the lack of activity against 
aPNP-Gal at pH 8.0 is the presence of an a-galactosidase 
activity which does not hydrolyze this substrate. This was sup- 
ported by the observation of batch-to-batch variability and the 
fact that the stability of the TNF-enhancing activity differed 
from that of the aPNP-Gal activity. Although all enzyme prep- 
arations were first dialyzed and adjusted to the same activity 
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FIG. 3. Enhancement of TNF-inducing activity of malaria toxin and of LPS 
at different pHs compared with specific a-galactosidase activity. OD, optical 
density. Results from one of two experiments are shown. (A) Rate of reaction of 
0.04 U of a-galactosidase per ml at 37°C with aPNP-Gal as substrate as deter- 
mined over the first 3 min. (B and C) Malaria toxin from P. yoelii diluted 1/10 (B) 
and 50 ng of LPS per ml (C) were incubated overnight at 37°C with 2 U of 
a-galactosidase per ml and then boiled and tested on macrophages for TNF 
induction, as assayed by ELISA. Means of duplicate experiments are shown. O, 
samples incubated in buffer only, boiled, and then adjusted to neutral pH in 
RPMI 1640 medium as pH controls; samples incubated with enzyme. 



against aPNP-Gal, batches from different sources enhanced 
TNF activity to different degrees (as illustrated in Fig. 2). 
TNF-enhancing capacity deteriorated with storage at 4°C, al- 
though activity against the aPNP-Gal substrate did not. No 
differences were visible in a sodium dodecyl sulfate-10% poly- 
acrylamide gel electrophoresis mini-gel system (Pharmacia, 
Uppsala, Sweden), with 4.5 |xg of protein, between batches 
which did or did not enhance TNF activity. Apart from bovine 
serum albumin, all preparations contained three bands with 
sizes of 33, 29, and 27 kDa; 28- and 36.5-kDa isoforms were 



previously described (4). No p-galactosidase activity was de- 
tectable against PPNP-Gal at pH 6.0, nor did 0.8 U of p-ga- 
lactosidase (Sigma, grade X from E. coli) per ml at any pH 
from 4 to 8 affect malaria toxin or LPS activity. 

It is commonly found that not all exoglycosidase activities 
can be monitored with a PNP surrogate substrate. For exam- 
ple, while the a-(l,2)-, a-(l,3)-, and a-(l,6)-mannosidase ac- 
tivities of jack bean ot-mannosidase can be assayed with PNP- 
mannoside, the a-(l,2)-mannosidase activity ixom Aspergillus 
phoenicis cannot, and only natural substrates can be used (10). 
This property is normally referred to as the aglycon specificity 
of an exoglycosidase. Further experiments are necessary to 
confirm that an a-galactosidase causes the enhancement. 

The presence in parasitized erythrocytes of a soluble medi- 
ator which may have structural features homologous to the 
P-type IPG second. messenger contrasts with the almost exclu- 
sive presence of A-type mediators from pathogenic mycobac- 
teria (21). These mediators are pleiotropic and are released by 
a number of hormones and growth factors other than insulin 
(19). For examp le interleukin-2, a d renocorticotropin, insulin - 
like gro wth racior i, epidermal growtn tactor, transforming 
Isrowih factor (3, and ne rve growth factor all stimulate TKe 
"hydrolysis o f memorane-associated GPI and release IPG ex- 
tracellularly. P early th e existence of mediator s in malaria 
-wj iich mimic tfiose derived fro m mammalian tissue may lead to 
^ the elucidation of new parasitic riathofeeHlc meciianfctm . 
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Studies on Tumor-Host Relationship 

V. Effect of nryo-Inositol on Tumor Cell Gr wth in Vivo 
and on the Resistant Activity of the Host 

Takae TANINO, Koyu NARUMI and Tom TSUMITA 
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P.O. Takanawa, Tokyo 108, Japan 
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Summary: In a syngenic mouse ascites tumor system: C3H/He mouse and mammary 
carcinoma cells (MM2), intraperitoneal injections of m^o-inositol enhanced the growth 
of tumor cells. The tumor-bearing mice died in a shorter period than non-treated mice. 
The number of tumor cells increased 50% more and the mitotic tumor cells were found 
in 2.5 to 3 times more frequent than those of non-treated case. Survival rate of the mice 
after removal of tumor cells was lower than that of control mice. The titer of tumor cell 
growth inhibition activity of the serum and of the spleen cells decreased significantly. 

It was demonstrated that mjo-inositol affected cellular and humoral regulation process 
in tumor-bearing animals. 

Introduction 

^-Inositol has been found in animal tissues as an important constituent of phospholipids 
and as a free form [1-5]. Phosphoinositides account for nearly all the combined inositol 
in the cell and are ubiquitous in the cell membrane system. As for free myo-inositol, it 
was at one time classified as an essential growth factor of the Vitamin B complex. How- 
ever, there is as yet little evidence that free mjo-inositol in the cell acts as coenzymes. 
Physiological significance of the free myo-inositol in animal tissues seems to be remained 
obscure, except the importance of the metabolic pool to be incorporated into the inositol 
lipids. 

In the series of studies on the tumor-host relationship, we demonstrated that, when 
mouse ascites tumor cells were removed from the host in the late tumor-bearing period in 
a syngenic MM2-C3H/He mouse system, the treated mice survived for a long period 
afterwards without symptoms of tumor relapse [6]. In the serum of these survival mice, 
growth inhibition factor [7, 8] against MM2 cells and agglutination factor [9] were dem- 
onstrated and partly purified for characterization. 

In this paper, it will be reported that free myo-inositol administered into tumor-bearing 
mice not only enhanced the tumor cell growth but also modified the tumor-host relation- 
ship. With respect to the latter phenomenon, Tw^o-inositol seemed to abolish the forma- 
tion of the growth inhibition factor. 

Materials and Methods 

Animals: C3H/He mice maintained in the Institute of Medical Science, University of 
Tokyo were used throughout. Syngenicity with respect to transplantation immunity 



^ if mar, mmmfc, mm 
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was cheked by skin graft. 

Tumor cells: MM2 cells, transplantable ascites tumor cells derived from spontaneous 
mammary carcinoma of C3H/He mice were used [10], 

Titration of resistant activity of mouse serum: The method was reported in detail previously 
[7], The oudine is as follows. A test serum was diluted stepwise with Krebs-Ringer- 
phosphate buffer at pH 7.4, and to 0.4 ml of the solution 2 X 10 4 MM2 cells were added. 
After incubation at 37 P C for 30 minutes, the cell suspension was injected intraperitoneally 
into a healthy C3H/He mouse. The maximum dilution of the serum enough to prevent 
the tumor growth was used as a titer of the resistant activity of the serum. 

myo-Inositol solution: wyw-Inositol was dissolved in physiological saline and sterilized at 
1 15 °C for 30 minutes. The solution was injected intraperitoneally into mice. Repeated 
injections of 10 mg of ^-inositol in 0.5 ml of saline seven times i.p. every other day into 
mice did not affect the body weight increase of the mice. 

Results 

Effect of myo-inositol on tumor cell growth. 

C3H/He mice inoculated with 2 x 10 5 MM2 cells usually died in 2-3 weeks after the 
inoculation. However, by injections of mjo-inositol the tumor-bearing animals died in 
a shorter period than that of the control mice without the treatments. As shown in Fig. 1, 
two mg of ^o-inositol dissolved in 0.5 ml of saline was injected into tumor-bearing mice 
seven times every other day beginning from the second day after the transplantation. 
Within following 2 weeks 50% of animals died due to the tumor growth, but in the control 
group without myoinositol injections the rate was only 10% in the same period. It seemed 
evident that myo-inositol injections during the tumor-bearing period affected the tumor- 
host relationship, resulted in causing early tumor death. The number of tumor cells 
m the peritoneal cavity was measured by separating tumor cells and ascites at various 
tumor-bearing period. The result is shown in Fig. 2. From animals received i.p. 2 mg 



Fig. 1. Effect of myo-inositol on survival rate of tumor-bearing mice. 




Days after inoculation 



At 0 day, 2 X 10 5 MM2 cells were inoculated into 
C3H/He mice i.p. Survival rate represents percent 
of number of living" mice to the total number of 
mice used. Arrows indicate ^yo-inositol injections, 
i.p., 2 mg in 0.5 ml saline or 0.5 ml saline for 
the control. Solid line, nyo-inositol-injected group; 
dotted line, saline-injected group. 
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Fig. 2. Increase of total number of tumor cells 
by myoinositol treatment. 



12.0 h 



Fig. 3. Frequency of tumor cells in the mitosis 
in tumor-bearing mice treated with myoinositol 
or r>mannitol. 

6.0h 




Days after inoculation 
MM2 cells, 2 X 10 5 were inoculated into C3H/ 
He mice i.p. f and at indicated day (arrow) 
2 mg of myoinositol in 0.5 ml saline was 
injected. Solid line myoinositol-injected group; 
dotted line, saline-injected control group. 



4 6 8 10 
Days after inoculation 
At 0 day 2x10* MM2 cells were inoculated 
up, into C3H/He mice and at indicated day 
(arrow) 2 mg of myo-inositol or D-mannitol 
dissolved in 0.5 ml saline was injected t,p. . 
Number of tumor cells of mitotic stage was 
counted from 1,000 cells on a smear stained 
with Wright's solution. 
— • — myoinositol 
— O — D-Mannitol 
■-•O-" Saline. 



of mjo-inositol, the total tumor cell number was 20 to 50 percent more than that of non- 
treated mice. Within 9 days after the tumor transplantation, the difference of total cell 
number between treated and non-treated tumor-bearing mice was more predominant 
than that in the late period. The frequency of tumor cells of the mitotic stage was also 
found to be significantly higher in the tumor-bearing mice treated with myo-inositol than 
that of non-treated mice, as shown in Fig. 3. 

Particularly, in the early tumor-bearing period, the mitotic index, percent of number of 
tumor cells in mitosis to the total cell number, was 5-6% with the treated mice, in contrast 
to 2% with non-treated animals. The high mitotic index of the treated group was kept 
throughout the whole tumor-bearing period. However, D-mannitol did not show such 
effect, but gave values similar to that of the saline control group. Therefore, it was con- 
sidered that myo-inositol enhanced primarily the tumor cell division. The enhancement 
would result in the increase of tumor cell number in the tumor-bearing mice. The 
high death rate in the early tumor-bearing period was probably due in part at least to 
the growth promoting effect of myo-inositol. 

The inositol injections into the tumor-bearing mice did not cause any morphological 
changes of tumor cells except more frequent occurrence of cells in the mitotic stage. How- 
ever, extensive hemorrhages in the peritoneal cavity and adhesions of the tumor tissue in 
a solid form onto the mesenterium and omentum were observed in the mice which died in 
the early tumor-bearing period. With the non-treated group, the occurrence of the 
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adhesion of solid tumor tissues was found in 10% of the tumor-bearing animals, but with 
the inositol-treated group it was observed in 50% of mice. These results would suggest 
Aat ^-inositol was not only able to bring about the enhancement of tumor cell grS 

tlor Ju"T ? e t tUm ° r - h0St relationship, resulted in the hemorrhage, infiltradon of 
tumor cells into host tissues. 

Decrease of survival rate by myo-inositol injection. 

As reDorted oreviouslv. tho h,m^ 0 or;n„ w ; _•_ 

. , A , * l"V J ' "" * "^ iA "s ax^c ouivivcu wiuiouc reiapse 01 tumor 

fZi T f7f en0d K aft ™ ds ^ a treatm -t of removing the tumor cells and ascites 

eluddld * 6 tU T;- beann S P enod - Durin S the studies on the mechanism, it was 

ce^th , t - Ser r th A SUrV r d m0USe COmained ^° Wth inhibition fact ° r (°) tumor 
rt T T n faCt ? r ( S )„ r , These facto " were partly purified and characterized [8, 9] 

InlZZl IT? ^ ^ ablG t0 inhibk tUm ° r Ce " &™ th *» Thei * 
Sf 1 , f T Pr ° dUCed " ^ ^ ^-b-ring period and prevented 

^ tT rem ° VaI ° f tUm ° r CClIS - Fr0m ^-P 0 ^ effects of ^ 

noatol on the tumor-beanng mice were examined. At first, experiments were designed 
to determme whether ^o-inositol affected the survival rate. C3H/He mice of various 

a hTl 3 Tl m T ^ d With , 2Xl ? MM2 CdIS at the latG ^-bearing period (on 
the 13th day after the inoculation) tumor cells and ascites fluid were removed with a syringe 
as reported previously [6]. ^-Inositol was injected i.p. 7 times every other day aft! r 
^"SSS'S 7™}?"^**.™**- I- the control group, whicT was inoLated 
7o^ ^ '!T ^ ^ °- 5ml ° f ^ inStead «f inositol solution, 60 

to 79 / 0 of the total mice survived without any symptom of tumor re-growth. The rate 

72! ITswTlr *T reported in , Ae previous papere - However > * e ™i 

rates (20-30 / 0 ) of the test group injected with ^-inositol, 2 mg or 10 mg, were con- 
siderably lower than those of the control group. Particularly, when mice of 8 week' 



Table 1 

Effect of myo-inositol on survival rate. 
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TUl^f 10 f Wer V ranSpla , nted into C3H / He ™~ of indicated ages and 
on the 13th day after the inoculation tumor cells and ascites fluid were with- 

«Z[?- W, ^ a i ,5 T ge ' DuHng thC Periods, ^-inositol dis- 

solved in 0.5 ml sahne was mjected i.p. 7 times on every other day. For the 
control group, 0.5 ml of saline was injected in the same way. After the removal 
of tumor cell^mice were under observation at least for 30 days to check tumor 

^StiTi tSi s t v ""it* figured oxit in percent ° f ™« >* ith ° ut 

growth to the total mice used. 
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age were employed, the survival rates were 1 1 % in contrast to the control survival rate, 62 %. 
With respect to the survival rate, both groups received mjo-inositol 2 mg and 10 mg gave 
the same result and no difference was found. A trend was pointed out that the survival 
rates depended on mouse ages and mice of younger age gave lower rates than those of 
17 weeks' age. In the test group, more than 50% of mice died within 2-3 days after the 
tumor cell removal. Hemorrhage in the peritoneal cavity and infiltration of tumor cells 
as solid tumor were also found. 

Serum resistant activity of the survival mouse received myo-inositol. 

The low survival rate of the test group suggested that the tumor-host relationship was 
modified by the mjo-inositol injections. Therefore, RFs activity of mouse serum was 
assayed and the results are shown in Table 2. mjo-Inositol was injected at a dose of 
10 mg or 2 mg to the tumor-bearing mice. On the 7th day after the tumor removal, the 
mouse serum was prepared. The growth inhibition factor RFs was found in the control 
mice and the titer in the serum was 150, that is, 0.4 ml of 1 : 150 diluted serum abolished 
completely the viability of 2 X 10 4 MM2 cells. On the other hand, the activity in the sera 
of inositol-injected group was only one third or none as compared with those of the control 
groups. These results indicated that inositol inhibited the formation of RFs of the host 
and consequently the activity of the sera was kept at a lower level than that of non- treated 
mice. It appeared that the low growth inhibition activity in the host mice was responsible 
in part at least, for the frequent relapse of tumor growth. 

Cellular resistant activity of the survival mice received myo-inositol. 

In addition to the humoral growth inhibition activity, cellular inhibition activity was 
demonstrated with spleen cells of the survival mice. Tumor cells lost the viability in vivo 
when the host mice had been injected with a definite number of spleen cells of the survival 
mouse [6]. 

To examine whether cellular activity was also affected by myo-inositol treatment, follow- 
ing experiment was carried out. Spleen cells were prepared from two sources: for a 
control, the spleen was excised from the survival mouse and free cells were prepared accord- 



Table 2 

Inhibition of myo-inositol on the titer of RFs of survival mouse serum. 



Treatment 




Tumor growth 




RFs activity 
of serum 


Inositol No. of 
(mg) injection, up. 


X10 


Serum dilution 
X 20 X 50 


X150 


2 7 




4/4 


4/4 




0 7 




0/4 


0/4 


+ 


2 7 


0/5 


0/5 


3/5 


± 


10 7 


0/5 


0/5 


5/5 


± ■ 


0 7 




0/5 


0/5 


+ 


2 7 


0/5 


0/5 


5/5 


± 


0 7 




0/5 


0/5 


+ 



C3H/He mice were inoculated i.p/ with 2xl0 5 MM2 tumor cells and were injected i.p. 
with saline solution of myo-inositol 0.5 ml or saline alone on every other day. On the 
13th day, tumor cells and ascites fluid were removed. Seven days after the removal, sera 
were prepared from all mice and pooled for the assay of RFs activity. The method of titra- 
tion of RFs activity is descibed in Materials and Methods. 
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f Table 3 



Effect of myo-inositol on growth-inhibition activity of spleen cells prepared from survival mice. 





Donor 


Recipient 


Results 


Treatment* 


No. of spleen cells 
injected into 
recipient mice 


Tumor growth** 


Growth inhibition 
activity of 
spleen cells 


myoinositol 
2 mgx 7 


1x10 s 

U.O A lU" 


4/4 

OM A 
XJj 1U 




Saline 
0.5mlx7 


lxlO" 
0.8 xlO 8 


0/4 
0/8 


+ 
+ 



Spleen tissues were excised from survival C3H/He mice treated with myo-inositol as de- 
scribed in Table 2. The spleen cells were injected up. into recipient C3H/He mice, which 
were challenged with 2x 10* MM2 cells 24 hours later. For the following 30 days, the 
recipient mice were observed with respect to tumor growth. In detail see the text. 



Table 4 



Effective dose and number of injections of myo-inositol to decrease survival rate. 



Age of mice 
(weeks) 


myoinositol injection 




Survival 
rate 
(%)* 


Period 

Dose No. of in- days after 
( m g) jection inoculation 


Tumor 
growth 


8.5 
9.5 
9.5 


10 l 0 

2 5 0-7 
2 4 9-12 


7/15 
15/16 

9/ll 
12/15 


53 (92) 
6,(79) 
18 (79) 
20 (92) 



Indicated amount of myoinositol was dissolved in 0.5 ml of saline and was injected into the 
tumorbearing C3H/He mice, up. 

* Number in parenthesis indicates the rate of control group received 0.5 ml of saline, up., during 
the same period. 



ing to the method reported previously. For the test group, spleen cells were obtained from 
survived C3H/He mice, those were injected 7 times with 0.5 ml of myoinositol solution (2 
m g)- 

These two kinds of spleen cells were injected i.p. into healthy mice at a dose of 0.8-1.0 X 
10 8 cells per mouse. After 24 hours, challenge inoculation was made by transplanting 
5 X 1 0 5 MM2 cells intraperitoneal^. The results are shown in Table 3. Mice of control 
groups did not show tumor growth as expected from the previous paper and all animals 
survived. However, animals of test groups pre-treated with spleen cells of inositol- treated 
mice died due to the tumor growth. ■ It was evident, therefore, that spleen cells of the 
inositol-treated mice had no activity to make the host resistant to the tumor growth. 
As far as these results were concerned, the myoinositol treatment prevented not only 
formation of the humoral factor RFs but also of cellular factor which were able to make 
the host reject tumor cells. 

Effective dose and period of inositol injections for the .decrease of survival rate. 

In the above experiments, inositol was injected on every other day during the tumor- 
bearing period. Table 4 summarized the effect of myoinositol administered on three 
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different stages of the tumor-bearing period: a single injection at the same tune with tumor 
cell inoculation, repeated injections either within 7 days after the inoculation or in the 
late period [7-13 days]. The decrease of the survival rate was most distinctly found 
in the case of the repeated administration in the first one week after the inoculation. By 
the treatment in the late period, the decrease was also evident but was a shghdy lower 
than the above case. However, a single dose of mjw-inositol, 10 mg did not gave a com- 
parable grade of decrease of the survival rate to that of the repeated injections. It seemed in- 
dicating that continuous administration was required to modify the tumor-host relationship. 

Taking into consideration that survival rates of control groups varied by experiment 
in a range from 50% to 100%, the value (53%) due to a single dose was to be read as 
a result of no effect of the treatment. 



Discussion 



The results presented here in the above section, indicate that myo-inositol influences the 
tumor-host relationship. The effects will be considered from both sides, tumor cell and 
host. The first point is the enhancement of tumor cell growth and cell division by the 
inositol administration. In fact, the number of tumor cells and the mitotic index were 
significantly higher in the treated group than in the control. The growth promoting 
activity of myo-inositol (10" 5 -10- 6 m) was reported with cultured cells [11, 12]. The rela- 
tion between mjo-inositol and the spindle formation in the mitosis was also described by 
Chargaffef al. [13]. Therefore, it seems reasonable to consider that a very small part of 
injected myo-inositol (about 10 mg/mouse) accelerated the cell growth. However, the 
direct effect on the tumor cells could not explain the different response of the host against 
the tumor growth. The repeated injections of myo-inositol inhibited the formation of 
humoral growth inhibition factor RFs and abolished the same activity of spleen cells of 
the host. As reported previously, RFs was of macroglobulin nature and was fractionated 
in a- and p-globulin portions by electrophoresis [8]. RFs was not strictly specific to 
MM2 cells but was able to make non-viable several kinds of mouse tumor cells. It was 
adsorbed on the surface of the tumor cells. At present, RFs is regarded as tumor cell- 
binding protein produced by the host response to the tumor cell surface. Inhibition of 
RFs formation would take place under following conditions. A possibility is that inositol 
affects RFs-producing organs of the host and consequently no RFs activity appears in 
the survival mouse serum. An evidence, which will be reported separately, indicates that 
lymphoid organs of C3H/He mice are responsible for the formation of RFs [14]. It is not 
known yet whether myo-inositol inhibits the function of the lymphatic system. 

It is also conceivable that inositol affects the tumor cell surface so as to minimize "hetero- 
geneous" features. RFs is absorbed with MM2 cells but not with normal liver cells of 
C3H/He mice. It suggests that tumor cells have specific binding sites on the surface but 
normal cells do not. As pointed out by Warner [15, 16], scyllo-inositol, an isomer of 
mjo-inositol has a similar structure to structural water in biological system. He suggested 
that these cyclitols could be inserted into the structural water by replacement. Webb [ 1 7] 
reported that myo-inositol replaced the water requirement under dehydrating condition. 
Physical properties of myo-inositol seam to have a role on the modification of the hetero- 
geneous surface structure of MM2 cells, in other words, masking antigenic sites. 

Recently, the authors reported a similar effect of myo-inositol on induction of experimental 
allergic encephalomyelitis (EAE). When EAE antigen was incubated with myo-inositol 
prior to sensitization of guinea pigs, the EAE-inducing activity decreased. In this case, 
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the effect of inositol was not effective when inositol and the antigen were administered 
independently into animals through different route [18]. 

The fact that myo-inositol showed some effect on the tumor-bearing host seems to be 
important to elucidate the biological significance of free inositol present in animal tissues. 
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Abstract. It has been reported that myo-inositol can inhibit 
carcinogenesis in various organs, such as the mammary gland, 
colon and lung. In the present study, at first, inhibitory effects of 
myo-inositol on lung carcinogenesis were confirmed. Then, the 
influence of myo-inositol on liver carcinogenesis in mice was 
investigated. In C3HlHe male mice, the rate of spontaneous 
liver carcinogenesis is known to be high. Using this experimental 
model, the effects of oral administration of myo-inositol (added 
into the drinking water at the concentration of 1%) were 
assessed. Significant suppression of liver carcinogenesis was 
observed in mice treated with myo-inositol for 40 weeks. In the 
control group without myo-inositol administration, 88% of the 
animals developed liver tumors, whereas in the myo-inositol- 
supplemented group, the incidence of liver tumors was 38% 
(p<0.05). The average number of liver tumors per mouse was 
also decreased significantly by myo-inositol treatment; from 7.8 
in the control group to 0.8 in the myo-inositol-supplemented 
group (p<0.01). Thus, myo-inositol may be useful for cancer 
chemoprevention in the liver, as well as the lung. 

The optimal way for dealing with the cancer problem may be 
prevention. Chemoprevention provides one means of 
obtaining this objective. In the present study, myo-inositol was 
assessed for its value for this purpose. 

Studies of cancer prevention by myoinositol have their 
origin in the work of Shamsuddin et al First, they showed that 
inositol hexaphosphate (phytate) inhibits carcinogen-induced 
neoplasia in the colon and mammary gland. Then, they also 
found that myo-inositol inhibits tumor formation to a similar 
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magnitude under the same conditions as phytate (1). They 
pointed out the possibility that dephosphorylated products 
are the actual inhibitors when phytate is given orally, since 
their studies showed phytate to be quickly absorbed from the 
stomach and upper small intestine and distributed as inositol 
monophosphate and myo-inositol. 

Subsequently, myo-inositol was also shown to inhibit 
neoplasia in the lung and forestomach by Estensen and 
Wattenberg (2). 

In the present study, the inhibitory effects of myo-inositol 
on pulmonary tumor formation were first confirmed. Then, 
the potential of myo-inositol was assessed to suppress liver 
tumorigenesis. 

Materials and Methods 

Chemicals. Myo-inositol was obtained from Wako Pure Chemical 
Industries, Ltd., Osaka. 4-Nitroquinoline 1-oxide (4NQO) and glycerol 
were purchased from Nacalai Tesque Co., Kyoto. 

Lung carcinogenesis experiment The animals used were 6-week-old male 
ddY mice purchased from Shizuoka Laboratory Animal Center, 
Shizuoka. 4NQO was dissolved in a mixture of olive oil and cholesterol 
(20:1), and 0.3 mg/mouse was given by single s.c. injection on the first 
experimental day. A 10% solution of glycerol in water was given as 
tumor promoter from the beginning of experimental week 5 for 25 
weeks. Myo-inositol (final concentration: 1%) was mixed in the drinking 
water during the promoting period. Mice were killed at experimental 
week 30 by cervical dislocation. At autopsy, the lungs were fixed via 
intratracheal instillation of 10% formaldehyde. After separation of each 
pulmonary lobe, the numbers of induced tumors were counted under a 
microscope. 

Liver carcinogenesis experiment. Male C3H/He mice, which have a high 
incidence of spontaneous liver tumor development, were used. Eight- 
week-old mice were purchased from Shizuoka Laboratory Animal 
Center, Shizuoka. Myo-inositol (final concentration: 1%) was mixed in 
drinking water and given for 40 weeks. Mice were killed at experimental 
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Condition 



Control 

myo-inositol (1%) 



a p<0.05. 



(12) 
(12) 



( n ) Tumor-bearing Tumors 

mice (%) per mouse 



92 

75 



4.9 a 
n na 



Condition 



a p<0.05,p<0.01 



( n ) Tumor-bearing Tumors 
mice (%) per mouse 



Control 

mvo-inositol (1%) 



(17) 
(13) 



38 a 



0.8° 



week 40 by cervical dislocation, following which they were autopsied, and 
the numbers of liver tumors were counted. 

Results 

Suppression of lung carcinogenesis. As shown in Table I, oral 
administration of myo-inositol resulted in a decrease of the 
mean number of lung tumors per mouse, to about 41% of the 
value for the control group (p<0.05). Myo-inositol also 
showed a tendency toward decreasing the percentage of 
tumor-bearing mice, although the difference was not statisti- 
cally significant. Histologically, most tumor nodules were so- 
called type II adenomas. 

Suppression of liver carcinogenesis. As shown in Table II, oral 
administration of myo-inositol resulted in a decrease of the 
mean number of liver tumors per mouse, to about 10% of the 
number in the control group; Le., 7.8 in the control group 
without myo-inositol administration, and 0.8 in myo-inositol- 
supplemented group (p<0.01). Myo-inositol also decreased 
significantly the percentage of tumor-bearing mice; i.e., in the 
control group, 88% mice developed liver tumors, whereas m 
the myo-inositol-supplemented group, the incidence of liver 
tumors was 38% (p<0.05). 

Discussion 

Phytate has a broad distribution in plant foods. It occurs in 
relatively large concentrations in crops, such as rice, and in 
beans and seeds. Phytate is converted in some part into myo- 
inositol in the stomach and intestine after oral intake. In 
addition, free form myo-inositol and lipid-bound myo-inositol 
also occur naturally. Thus, myo-inositol itself, besides phytate, 
seems to be warrant assessment of its benefit for human 
health more precisely. . 

Myo-inositol has been used clinically to minimize diabetic 
neuritis and cataract formation. It can be consumed at high 
dose levels without evidence of toxicity; the administration 
schedule employed entailed dose levels of several grams per 
day over long periods of time, and in none of these studies 
was toxicity encountered. 



Myo-inositol has also been used in premature infants with 
respiratory distress syndrome since it modulates production 
of pulmorary surfactant. 

The available information indicates that myo-inositol is a 
safe material. Since the feature of safety is a most important 
aspect in cancer prevention, myo-inositol seems to be suitable 
to use as a cancer chemopreventive agent. For example, myo- 
inositol may find application as an active principle in 
"functional foods" for cancer chemoprevention. (Functional 
foods means modulated foodstuffs which possess health 
promoting functions. Their development for cancer pre- 
vention is the most urgent.) 

In the present study, the potency to suppress liver 
tumorigenesis was proven to be extremely high. Thus, myo- 
inositol may be valuable for cancer prevention in the liver as 
well as the colon, mammary gland and lung. 

The mechanism of the anti-carcinogenic action of myo- 
inositol is not known yet. Its elucidation is essential before 
myo-inositol can be put into practical use. 
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ABSTRACT 

Initiation of cell growth frequently invokes activation of growth factor 
receptor-coupled tyrosine kinases and stimulation of the phosphoinositide 
second messenger system. The antitrypanosomal and antifiiiarial drag 
suramin has been shown to exert antiproliferative activities by inhibition . 
of growth factor receptor binding. We therefore investigated the effect of 
suramin on epidermal growth factor receptor-binding characteristics and, 
additionally, searched for effects on basal or cholinergically stimulated 
phospholipid metabolism in HT-29 cells. 

Suramin caused a dose-dependent and noncompetitive inhibition of 
12S I-epidermal growth factor binding (concentration producing 50% inhi- 
bition, 44.2 Mg/ml) but did not alter muscarinic receptor binding. Suramin 
did not affect the basal incorporation into phosphoinositides at 
concentrations of <200 jig/ml suramin. In contrast, the carbachol-stim- 
ulated enhancement of incorporation into phosphatide add, phos- 
phatidyHnositol, and polyphosphoinositides was reduced by 48-95% in 
the presence of 100 Mg/ml suramin. Thus, phosphoinositide and diacyl- 
glycerol kinases involved in basal and receptor-stimulated phosphoino- 
sitide metabolism may be localized in different subcellular compartments, 
which can be dissociated by the use of suramin. Direct measurements of 
phosphatidylinoshol kinase and diacy (glycerol kinase activities showed a 
potent inhibition when treated with suramin. Suramin did not affect the 
stimulation of phospholipase C by carbachol, determined by release of 
pHpnositol phosphates in ( 3 H|myomttsitol-prelabeIed cells. 

Our data indicate that suramin potently inhibits phosphoinositide 
resynthesis under stimulated conditions. Additionally, we confirm the 
inhibitory effects of suractia on epidermal growth factor receptor binding 
in a human intestinal cell line. The inhibitory effects of suramin on 
phospholipid metabolism may play a role in the antiproliferative actions 
of this drug. 



INTRODUCTION 



Regulation of proliferation seems to be mediated by two 
different signaling pathways (1). Binding of growth factors, 
such as EGF^ transforming growth factor a, insulin-like growth 
factor 1, or insulin, to specific receptors leads to activation of 
tyrosine-speciftc protein kinases, an intrinsic property of this 
receptor family (2). Other growth factors, such as PDGF, 
bombesin, or thrombin, additionally mediate their mitogenic 
signals by activating the phosphoinositide system. This results 
in a specific receptor-coupled hydrolysis of the membrane phos- 
pholipid PIP 3 into the metabolically active second messengers 
inositol trisphosphate and DAG (3, 4). Inositol trisphosphate 
and its metabolites c ause an increase of intracellular calcium 
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levels and a stimulation of calcium/caimodulin kinases. Di- 
acylglycerol activates protein kinase C, a family of Ca 2+ -sensi- 
tive and phosnhnlinid-dependent isoenzymes, known to phos- 
phorylate regulatory proteins and to elevate cytosolic pH levels 
(5, 6). Activation of protein kinase C by phorbol esters and 
elevation of intracellular calcium levels by calcium ionophores 
have been shown to be mitogenically active cofactors during the 
initiation of DNA synthesis (7-10). 

HT-29 colon carcinoma cells have recently been shown to 
produce EGF/transforming growth factor a and insulin-like 
growth factor 1-like activities (11), indicating a possible auto- 
crine proliferative effect of these growth factors. Whether other 
signal transduction pathways are involved during the transmis- 
sion of mitogenic signals to the nucleus is presently unknown. 
Previous experiments in our laboratory demonstrated that the 
phosphoinositide system of HT-29 cells shows a rapid car- 
bachol-induced stimulation of phosphatidyl inositol metabolism 
via muscarinic M 3 receptors, as measured by an enhanced. , 
release of inositol phosphates (12). * ; : f . ; . -rv ^ 

The antitrypanosomal and antifiiiarial drug suramin was 
reported to selectively dissociate growth factors (EGF, heparin- 
binding growth factor 2, PDGF, and TGF 0) from their recep- 
tors and to produce antiproliferative effects in lymphocytes and 
fibroblasts (13-18). These effects were proposed to occur by 
inhibition of growth factor receptor binding, direct binding f 
suramin to the PDGF, modified interaction of growth factor 
receptor and autosecreted oncogene products, or inhibition f 
specific DNA polymerases. Reports available at present did not 
investigate a possible interference of suramin with the phos- 
phoinositide system. 

Therefore,- we investigated the effect of suramin on EGFj 
receptor binding arid searched for a possible involvement o# 
phosphoinositide metabolism in unstimulated and carbachol- 0 
treated cells.^? -* ' >f -.^'i ' j -' J a^'- 

We report that suramin inhibited ,25 I-EGF binding to HtJ 
29 colon carcinoma cells, causing a complete disappearance of 
the high affinity-binding site and a reduction of binding capacity 
of the low affinity site. Additionally, suramin potently inhibited 
phosphoinositide synthesis and generation of phosphatidic acid 
after cholinergic stimulation, most likely due to reduction of 
phosphoinositide and diacylglycerol kinase activities. Suramin 
did not affect the activation of phospholipase C when incubated 
with carbachol. 

MATERIALS AND METHODS 

Materials. All reagents were of analytical grade and purchased from 
Merck (Darmstadt, West Germany) unless indicated otherwise. iV-<2- 
(hydroxyrnethyl)piperazine-yv r .2-ethanesulfonic acid was from Serva 
(Heideiberg, West Germany). Dulbecco's modified Eagle's medium,, 
HBSS, and fetal calf serum were from Gibco (Karlsruhe, West Ger- 
many). DE-52 was purchased from Whatman (Milestone, United King- 
dom). Phosphatidylinositoi and sn-i,2-diacyiglycerol were from Sigma 
(Taufkirchen, West Germany). {'HjNMS, ^myoinositol, and |"P1P 4 
were from Amersham Buchler (Dreieich, West Germany) and suramin 
(Germanin) from Bayer (Leverkusen, West Germany). 
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Cell Culture. Cells were obtained from the American Type Culture 
Collection (Rockville, MD), subcultured with 0.05% trypsin/ 1 mM 
EDTA in Dulbecco's modified Eagle's medium,, c ntaining 6% fetal 
calf serum, 1 mM pyruvic acid, 2 mM glutamine, 100 units/ml penicillin, 
50 units/ml streptomycin, and 200 IU/ml nystatin in 75-cm 2 disposable 
tissue culture flasks in a humidified atmosphere of 5% COt/95% air. 
For the experiments, cells were seeded at a density of 2 x 10 s cells in 
24-well flat bottom tissue culture plates (Falcon, Heidelberg, West 
Germany) and grown until subconfluency (0.7-1.0 x I0 6 cells/well). 

Determination of Inositol Phosphate Accumulation. For measure- 
ments of inositol phosphate release, cells were preincubated with [ 3 Hj 
niyoinofJiOi (2 pCi/ml} for 48 h, until complete isetepsc ee»i!!br»j!!! 
was achieved. Accumulation of inositol phosphates was measured in 
the presence of LiCl (10 mM), known to inhibit the degradation of 
inositol monophosphates (19). Cells were stimulated for 30 min and 
inositol phosphate release was determined as described previously (20) 
using the Dowex ion exchange technique (21). Inositol phosphate 
release was linear during incubations up to 30 min. 

Phospholipid Turnover. For investigations of phospholipid turnover, 
cells were cultured in phosphate-free HBSS (containing 1 mM pyruvic 
acid, 2 mM glutamine, 20 mM A^(2-(hydroxymethyl)piperazine-7V'-2- 
ethanesulfonic acid, and 3.7 g/liter NaHCOjJ for 60 min prior to the 
experiment and then incubated under nonequilibrium conditions in 
HBSS (F0 4 -free) with [ 32 PJP f (10 jiCi/ml) and simultaneously with 
indicated substances at 36. 5 "C for 30-60 rain in a shaking water bath. 
Incubations were terminated by aspirating the incubation' medium, 
followed by two rapid washes with ice-cold HBSS and addition of ice- 
cold methanol. Cells were scraped off into polypropylene tubes and 
phospholipids were extracted as described before (20). Separation of 
lipids was performed by thin-layer chromatography according to the 
system described by Jolles et ah (22) after pretreatmem of silica gel 
plates (Merck DC 60) with 50% ethanol, \% potassium oxalate, and 2 
mM EDTA (23). Phospholipids were stained with iodine vapor, exposed 
to autoradiography film (Amersham Hyperfilm) for 48-76 h, and 
identified by comigration with lipid standards (Sigma). Identity of 
separated phospholipids was controlled by means of two-dimensional 
thin-layer chromatography, using the above described solvent in the 
first dimension and CHCb/CHjOH/NH^OH (45/35/10, v/v/v) in the 
second dimension. 

PI and DAG Kinase Activity. PI kinase activity was determined 
according to the method described by Tuazon and Traugh (24). Briefly, 
cells were sonicated (3 x 30 s) in buffer A containing 20 mM Jris-Hp, 
I mM EDTA, 1 mM ethyleneglycol bis(0-aminoethyl ether^iV^TV'^'- 
tetraacetic acid, 10 mM 2-mercaptoethanol, 10 mm cyclic AMP, and 
0.15% t TritoniX-100 (pH 7.5). PI and DAG kinases were partially 
purified by DEAE chromatography (DE 52, 200-fil packed volume) in 
microtubes, and kinases were eluted with buffer A containing 300 dim 
NaCl (500 pi). PI and DAG, used as substrates, were stored in chloro- 
form solutions, dried under an N 2 stream, redissolved in ethanol (final 
0.196) and buffer B (40 mM Tris-HCl, 0.375% Triton X-I00, 75 mM 2- 
mercaptoethanol, and 0.25 mM sodium vanadate), and sonicated. The 
assay was performed at 30*C in a volume of 50 jd and started by the 
addition of MgCI 2 and (7- 32 P]ATP [final assay concentrations: 20 mM 
Tris-HCl, 10 mM CaCl 2 « 0.1 mM sodium vanadate, 30 mM 2-mercap- 
toethanol, 0.15% Triton X-100, 0.20 mM J-y-^PJATP (specific activity, 
100-200 cpm/pmol)]. The assay was stopped after 15 min with EDTA 
(final concentration, 20 mM) and nonradioactive ATP (final concentra- 
tion, 7 mM). After the addition of 1 n HC1 (200 vX\ phospholipids were 
extracted with 400 td of CHCb/MeOH (2/1, v/v) and the lower phase 
was transferred to new tubes. The lipid phase was reextracted with 400 
m1 CHCIj. Pooled lipid phases were evaporated to dryness by N 2 and 
separation of phospholipids and determination of incorporated radio- 
activity was performed as described above. 

Binding Studies. The cells were incubated in HBSS (0.5 mi) in the 
presence of IJS I-Iabeled EGF (specific activity, 80-150 nC\/ng) for 60 
min at room temperature. Cells were then rinsed twice with cold HBSS 
and dissolved in 0.5 m NaOH, and specifically bound radioactivity was 
measured in a Beckman gamma counter. Similar results were obtained 
in experiments at 4*C, performed to prevent internalization of recep- 



tors. For determination of cholinergic receptors, cells were mrybatfd 
with 0.25 nM [ J H]NMS (specific activity, 72 Ci/mraol) for 60 mm in 
HBSS at room temperature. Total bound radioactivity was measured 
by liquid scintillation spectrophotometry. Specific receptor binding 
varied between 10 and 30% (5-10,000 cpm/weli added) for EGF 
receptor inning and 3-5% (6,000 cpm/well added) for j*H]NMo 
binding. 

Murine EGF (Collaborative Research) was iodinated as described 
previously (25) and specific activity was estimated by the self-displace- 
ment technique (26). 

Statistical Methods. Data are reported as means ± SE from three or 
more independent experiment?? SEM was <10% if not indicated oth- 
erwise. For statistical calculations Student's t test for paired samples 
was used. The data were analyzed using the computerized nonlinear 
least-squares regression programs LIG AND and AJLLFIT (26, 27). 

RESULTS 

Effect of Suramin on EGF Binding. The effect of suramin on 
EGF binding was assessed by means of radioreceptor assays 
with '"Mabeled EGF. I2S I-EGF binding in untreated HT-29 
cells was best fitted using a model of two binding sites, with a 
Kd high of 7.8 pM and a Kd low of 250 pM, corresponding to 
1,400 and 35,000 binding sites/single cell Scatchard analysis 
after pretreatment with 50 pg/ml suramin for 60 min revealed 
a complete disappearance of the high affinity-binding sites and 
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Fig. 1. Effect of suramin on ,25 I-EGF binding. Cells were labeled wnh ,4 >I- 
EGF for 60 min at room temperature with or without suramin. ,2S I-EGF to 
added 10 min prior to the addition of suramin. Data show cpro/weU of totally 
bound ligand of one experiment performed in triplicate Nonspecific binding 
was determined b> adding unlabeled EGF ( 100 ng/ml) to the incubation medium. 
Two further experiments rotated identical results. JT. data plotted according to 
Scatchard. Results we fitted with the UGAND program (27K 
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a 54% reduction in receptor capacity from 106 fmol to 49 fmol/ 
10* cells (P< 0.01), indicating a n ncompetitive mode of action 
(Fig. 1). 

Investigation of EGF receptor binding in the presence of 
increasing concentrations of suramin showed a dose-dependent 
decrease cf specifically bound EGF with a concentration 
producing 50% inhibition of 44.2 ± 22.0 M8/ml suramin (Fig. 
2). The effect of suramin on EGF receptor binding was >80% 
after an incubation time of <30 min and persisted during long- 
term treatment with suramin (100 Mg/ml) for at least 24 h (not 
shown). 

Effect of Suramin on Basal Phospholipid Metabolism. The 
receptor-activated breakdown of phospholipids is closely linked 
to the subsequent resynthesis of those phospholipids involved 
in the hydrolysis by phospholipase C. To investigate the effect 
of suramin on phospholipid metabolism in HT-29 cells, 32 P 
incorporation in untreated and cholinergically stimulated cells 
was determined. 

Pretreatment of the cells with suramin for 60 min (Fig. 3) 
showed no changes in the basal 32 P labeling of phosphoinosi- 
tides and phosphatidic acid at concentrations up to 200 Mg/ml. 
At concentrations >200 Mg/ml suramin caused a reproducible 
1.5-fold increase in labeling of [ 32 P]phosphatidyiinositol (ED 50 , 
307 ± 89 Mg/ml), suggesting either an increased activity of 
, specific kinases or an increase in the total amount of the lipid. 

Effect of Suramin on Carbachol-activated Phospholipid Me- 
tabolism. To investigate the effect of suramin on stimulated 
phospholipid turnover, the cells were incubated with the cholin- 
ergic agonist carbachol (0.2 mM), either alone or in the presence 
of suramin. Carbachol significantly increased the incorporation 
(60-min incubation) of 32 P into phosphatidic acid (1.5-fold) and 
phosphatidylinositol (4.3-fold) (Fig. 4; Table 1). M P contents 
of PIP and PIP a were increased to a lesser extent (30-50%) 
after 60 min of cholinergic stimulation, since the metabolism 
f these phospholipids is very rapid. The turnover of other 
major lipids, such as phosphatidylcholine and phosphatidyleth- 
anolamine, was not markedly affected (Table 1). 

In the presence of suramin ( 1 00 Mg/ml, 60-min pretreatment) 
"P incorporation of phospholipids was significantly decreased 
into phosphatidylinositol (48% inhibition! P< 0.01), phospha- 
tidic acid (90%, P < 0.01), phosphatidyIinositol-4-phcsphate 
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Fig. 2. Dose-response curve of '"l-ECF binding to HT-29 celb in the presence 
of suramin. Data show means ± SEM of three independent experiments per 
formed in triplicate. ,39 1-EGF was added 10 min prior to the addition of various 
concentrations of suramin. The curve was analyzed with the ALLFIT program. 
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Fig. 3. Basal "P incorporation into phospholipids in the presence of suramin. 
Cells were incubated with phosphate-free HBSS (60 min) and various concentra- 
tions of suramin 2 min prior to the addition of 10 /iCi/ml ("PjPf- After 60 min 
of incubation lipid extraction was performed as described in "Materials and 
Methods.* 1 Phospholipids were separated by thin-layer chromatography and ex- 
posed to autoradiography film, and radioactivity was determined by Cerenkov 
counting. Data show means ± SEM of three experiments, each performed in 
triplicate. 



(95%, P < 0.05), and phosphatidylinositol-4,5-bisphosphate 
(95% inhibition, P < 0-05), during a 30-min incubation period, 
as shown in Fig. 5. These experiments, indicated an effect of 
suramin on stimulated phosphoinositide synthesis. The inhibi- 
tory effects of suramin on carbachol-stimulated synthesis of 
PA, PI, PIP, and PIP 2 were constantly observed during time 
course experiments for up to 60 min. Suramin did not have 
major effects on "P labeling of phosphatidylcholine under basal 
conditions or in the presence of carbachol (data not shown). 

Determination of PI Kinase and DAG Kinase Activities. The 
experiments performed with whole cells showed a potent re- 
duction of 32 P incorporation into phosphoinositides and a de- 
crease in phosphatidic acid synthesis. To get a more precise 
estimate of the target of suramin action we determined PI and 
DAG kinase activities. As shown in Fig "6 siu^in treatment 
potently inhibited both P! kinase and DAG kinase activities 
with half-maximal inhibitory effects achieved at concentrations 
of 14.2 ± 2,7 /ig/ml (PI kinase); and 20.4 ± 5.7 Mg/ml (DAG 
kinase). Furthermore, the addition of a crude preparation of 
PIP as substrate for PIP kinase indicated a similar inhibition 
of PIP kinase activity in the presence of suramin (95% inhibi- 
tion using 200 Mg/ml suramin) (not shown). 

Effect of Suramin on Inositol Phosphate Accumulation. To 
assess effects on phospholipase C activity, cells were prelabeled 
with pHJmyoinositol for 24 h and then stimulated with increas- 
ing concentrations of carbachol alone or in the presence of 500 
ug/ml suramin. As shown in Fig. 7, incubations with suramin 
for 60 min and 24 h (not shown) did not affect cholinergically 
stimulated release of inositol phosphates (control; EDs* IS mm; 
suramin (500 Mg/ml): ED50, 17 mm], indicating that suramin did 
not alter receptor-activated hydrolysis of polyphosphoinositides 
by phospholipase C. 

Estimation of Total Phospholipid Mass after Suramin Treat* 
meat. Suramin may cause changes in the total amount of 
phosphoinositides and thereby reduce stimulated metabolism 
due to a decrease in substrate. Therefore, we measured the 
incorporation of pH] myoinositol int ph sphoinositides after 
48 h of labeling, when isotopic equilibrium was achieved. Sep- 
aration of PI, PIP, and PIP 3 by thin-layer chromatography did 
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. Fig. 4.. ["P]Pi incorporation, into phospholipids. Autoradiography, shows "P 
f labeling orphospholipids into untreated HT-29 cells (control) and after incubation 
. with carbachol (0.2 m.M, 60 min). Phospholipids were extracted and separated as 
. described in "Materials and Methods."" Autoradiography films were exposed for 
\V 48;nit : robni temperature. RF values were as follows: PIP 2 V 0.1,0: PIP. 0.15; p£ 
-t 0.31; phosphatidylcholine (PC). 0.51: phosphatidylglycerol (PG). 0.71: phospha^ 
. tidylethanolamine (PE). 0.82; PA. 0.90. A - /, 



n t reveal any significant change of the ['HJinositol content of 
each investigated phospholipid (not shown), after incubations 
with suramin at concentrations up to 1 mg/ml, indicating that 
changes of stimulated phospholipid turnover seem to be more 



likely due to alterations of phospholipid kinase activities. 

Binding t Muscarinic Receptors in the Presence of Suramin. 
Another possibility to explain the reduction f carbachol-stun- 
ulated phospholipid metabolism by suramin would be an inter- 
action of the drug with muscarinic receptors n HT-29 cells. 
Results m Fig. 8 show that muscarinic receptor binding, as 
measured by incubations with [ J H]NMS, was not affected by 
suramin at concentrations up to 1.0 mg/ml, after an incubation 
time of 60 min or 24 h (not shown) and therefore did not 
account for the alterations of cholinergically stimulated phos- 
pholipid turnover. 

DISCUSSION 

The antiprotozoal drug suramin potently inhibited stimulated 
phosphoinositide metabolism in HT-29 cells most likely be- 
cause of a direct interference with kinase activities involved in 
phospholipid synthesis. Suramin caused a dose-dependent in- 
hibition of carbachol-stimulated phosphoinositide synthesis 
and generation of phosphatidic acid, without affecting phos- 
pholipase C activity or basal phosphoinositide metabolism at 
concentrations <200 /ig/ml suramin. In addition, investigation 
of EGF: receptor characteristic in the presence of suramin , 
confirmed the previously reported inhibitory effect of suramin 
on growth factor raep^ c 4^ ^. , , 

, Since several reports-have shown that initiation of cell growth 
involvesjactivation of the phosphoinositide system ( 1 , 28), our 
data indicate that antiproliferative ? fleets of suramin could also 
be produced by changes in the phospholipid-dependent second 
messenger release and therefore may need a critical revalu- 
ation. The known properties of suramin on growth factor 
receptor binding, its inhibitory activities on retroviral reverse 
transcriptase (17, 18), and the effects on phosphoinositide 
metabolism reported in this study may indicate a potential 
anticancer activity of this compound. 

In HT-29 cells suramin showed a noncompetitive inhibition 
of '"I-EGF binding, as indicated by Scatchard analysis. This is 
in agreement with the noncompetitive effects of suramin on 
DNA r>oIymeras^ cells (15) and inhibition, ^ 

' of GTPisfc* activities in neuroblastoma cells (29) '■but is in 
^ contrast to reports of Betsholtz et aL (30) and Williams t?/ a/. 
(3 l)v; who found a; competitive inhibition of PDGF recept r " 
binding and growth factor-induced mitogenic activity by sura- f ' 
min. The reported inhibitory effect on EGF binding seems to 
include tyrosine kinase-coupled receptors but, remarkably, did 
not affect muscarinic receptors, which belong to the family of 
the G-protein-coupIed receptors, such as the ^-adrenergic re- 
ceptors and the rhodopsins. 
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Table I Effect of carbachol (0.2 m.u) on "P incorporation into phospholipids in HT-29 cells 



Results of 32 P labeling into phospholipids (60 min) of untreated and carbachoi-stimulated HT-29 cells, M P incorporation was performed under nonequilflnium 
conditions. Lipids were extracted and separated as described in "Materials and Methods." Data represent two independent experiments, each performed in triplicate. 



Phospholipid 


Control (100%) 
(cpm °P incorporation) 


[cpm 


Carbachol 
,; P incorporation 

r*>i 


Experiment 
1 


Experiment 
2 


Experiment 
1 


Experiment 
2 


rifdsplitttidic scid 


cat 


3*3 


S053 




Phosphatidytinositol 


955 


955 


4060 


4296<438>° 


Phosphatidyluiositol-4-phosphate 


745 


418 


1013 


734(155)» 


PhosphatidylMositol-4.5-bisphosphate 


1346 


466 


1565 


745(138) 


Phosphatidylethanolamine 


416 


323 


443 


365(111) 


Phosphatidylcholine 


623 


655 


679 


699 (108) 



*J><0.0l. 
*/><0.05. 
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TLC-aeparated phospholipids 



Fig. 5. Effect of suramin on carbachol-stimulated ("PJpbosphoIipid labeling. 
"P incorporation under nonequilibrium conditions was performed in unstimu- 
lated cells (control) and during incubation (30 rain) of HT-29 cells with carbacho! 
(carb) (0.1 ibm), in the presence of indicated concentrations of suramin (0.1 -1000 
ftg/ml). Data show results of three independent experiments, each performed in 
triplicate. *, P < 0 05; **, P < 0.01, as compared to carbachol-stimulated '*P 
content of indicated phospholipids. TLC, thin-layer chromatography. 



ipAG-Kinase^ 





Fig. 6. Determination of PI and DAG kinase activity. PI and DAG kinase 
from whole cell homogenates were eiuted from DEAE cellulose as described in 
"Materials and Methods." Phosphatidylinositol (200 Mg/ml) and diacylglycerol 
(100 Mg/mt) were used as substrates and "P incorporation in PIP and PA was 
measured. Phospholipids were extracted, separated by thin-layer chromatography, 
and exposed to autoradiography film. ("Pjphospholipids comigrating with com- 
mercial standards of PIP and PA were scraped into vials and radioactivity was 
determined by Cerenkov counting. Data show results (means ± SEM) of PI and 
DAG kinase activity in the presence of suramin from three independent experi- 
ments, each performed m duplicate. Autoradiographs show representative exper- 
iments demonstrating »P content in PIP and PA. representinc PI and DAG 
kinase activity, respectivety. Specific kinase activity of PIP and DAG kinase 
corresponds to 163 and 107 epm/raio/tube. respectively. 

The reduction of i2 P incorporation by suramin into phospha- 
tidylinositol, polyphosphoinositides, and phosphatide acid was 
observed only in the presence of carbachot, indicating a reduced 
phospholipid synthesis under stimulated c nditions. Inositol 




-7 



-6 -5 -4 -3 
log [carbachol],(M) 



-2 



Fig. 7. Effect of suramin on inositol phosphate accumulation. Cells were 
stimulated with indicated concentrations of cartochol for 30 mm, either alone or 
after pretreatment with suramin for 60 min (500 Mg/ml). Results represent means 
± SEM (bars) of three independent experiments performed in triplicate. A 24-h 
pretreatment with suramin gave similar results (data not shown). 



600 




Fig. 8. Effect of suramin on muscarinic receptor binding. Data show musca- 
rinic receptor binding on HT-29 cells by detenmnatkin with ( 3 HI^-methylsco- 
polamine (0.25 om) in the presence.of the indicated concentrations of suramin. 
Cells were pretreated with suramin 60 min^irior to the addition of tritiated NMS. 
Results represent means of one typical experiment four of three, each performed 
in triplicate. 



phosphate release representing phospholipase C activity was 
not altered by suramin during a 30-min stimulation with car- 
bachol. The fact that phospholipase C did not appear to be 
inhibited by suramin despite inhibition of resynthesis of phos- 
phoinositides suggests that cellular pools of phosphoinosittdes 
were sufficient to serve as a substrate for phospholipase C- 
induced hydrolysis. However, under conditions of long-term 
stimulation, such as growth factor-induced cell proliferation, a 
permanently activated phosphoinositide metabolism should be 
dependent on active phospholipid kinase-mediated phosphoi- 
nositide resynthesis. Therefore, growth inhibitory effects of 
suramin may involve inhibition of phosphoinositide synthesis. 
In addition, previ us reports have indicated a proliferative 
potential f phosphatidic acid, depending n the content f 
unsaturated fatty acid residues (32). Since ur results show a 
potent inhibition of phosphatidic acid synthesis by an inhibition 
of diacylglycerol kinase, this effect may contribute t the anti- 
proliferative effects of suramin. 
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Remarkably, suramin showed divergent effects on basal and 
stimulated phosphoinositide metabolism. These findings would 
support the hyp thesis that cells use different phospholipid 
pools or kinases for basal and receptor-activated phospholipid 
metabolism. This suggest! n would also explain our results, 
which indicate that incubation with suramin (0,1-1 mg/ml) for 
up to 24 h did not change phosphoinositides quantitatively and 
did not interfere with basal phosphoinositide turnover. 

Suramin did not alter basal 32 P incorporation into phospho- 
lipids at lower concentrations, although carbachol-stimulated 



labeling was potently inhibited (Figs. 3 and 5). However, 
direct measurements of PI kinase and DAG kinase in cell 
homogenates showed a potent reduction of PI kinase and DAG 
kinase (Fig. 6). These results may lead to speculations that 
kinases involved in basal phospholipid metabolism might be 
localized in compartments not easily accessible for suramin by 
exogenous addition to the culture medium. 
The 32 P labeling of unstimulated HT-29 cells in the presence 
f suramin resulted in an increase of ["P]phosphatidylinositol 
at concentrations >200 Mg/ml. However, the increase of basal 
phosphatidylinositol metabolism did not alter carbachol-acti- 
vated phospholipase C activity. This may be expected due to a 
, possible increase in substrate. The inhibition of carbachol- 
stimulated PI turnover, which was present already at 10 times 
, lower concentrations of suramin (Fig. 6), was also observed at 
, t these high concentrations of 1 mg/ml suramin. This again may 
■ indicate a dissociation of basal and stimulated phosphoinositide 
synthesis. Furthermore, suramin inhibited carbachol-stimu- 
lated resynthesis of PI, while basal PI turnover was increased 
at higher concentrations of suramin. This might suggest addi- 
ti nal effects of suramin on pathways related to phosphatidyl- 
inositol synthesis, which may involve PI synthase activity or 
the metabolism of CDP-diacylglycerol. 

Several reports of the pathways involved in the resynthesis 
of phosphatidylinositol and phosphatidylglycerol in type II 
pneumocytes described a common CDP-diacylglycerol pool for 
the de novo synthesis of phosphatidylinositol in microsomal 
preparations (33, 34). In our experiments with HT-29 cells 
# suramin potently reduced the 32 P labeling of a phospholipid 
coriiigrating with phosphatidylglycerol (concentration produc- 
ing 50% inhibition, <50 Mg/ml). 4 We speculate from these daifo 
; jjthat suramin may additionally inhibit the synthesis of phospha- 
tidylglycerol, probably due to a decrease of CDP-diacylglycerol 
glycerol phosphate phosphatidyltransferase activity. This would 
explain the reported increase of basal phosphatidylinositol re- 
synthesis, due to a predominant use of CDP-diacylglycerol 
pools for phosphatidylinositol formation. Furthermore, this 
may suggest a connective pathway between these two phospho- 
lipids during basal and stimulated phosphoinositide turnover 
and possibly indicates an auxiliary pathway for the resynthesis 
of phosphatidylinositol in intestinal cells. However, further 
experiments will be necessary to clearly demonstrate the effect 
of suramin on additional pathways involved in phosphatidyli- 
nositol synthesis. 

Misset and Opperdoes (35) reported inhibition of various 
phosphoglycerol kinases in Trypanosoma brucei by suramin, 
suggesting that the inhibitory activity of the negatively charged 
compound suramin on phosphokinases may be related to its 
affinity to kinases with high isoelectric point values. Butler et 
al. (29) reported a noncompetitive interaction of suramin with 
a pertussis toxin-sensitive GTP-binding protein in neuronal cell 



membranes involved in opioid receptor function. Our findings 
d n t indicate that the reduction f stimulated phosphoinosi- 
tide turnover by suramin is due to reduced GTPase activity in 
HT-29 cells, since carbachol-activated in sit 1 phosphate re- 
lease was not affected. Changes in the labeling of cellular ATP 
pools after suramin treatment arc unlikely to account f r the 
changes in ( 32 P1P| incorporation, since suramin caused divergent 
effects on various phospholipids. 

In A 43 1 cells, a cell line overexpressing EGF receptors, EGF 
was found to increase the phosphorylation of phosphoinosi- 
tides, although results concerning the correlation between the 
activation of the phosphoinositide system and Ca 2+ or NaVH* 
fluxes are controversial at present (36, 37). Since HT-29 cells 
were reported to produce EGF-Iike growth factors (1 1) suramin 
could reduce 32 P contents of phosphoinositides as a result f 
decreased autocrine stimulation of phosphoinositide metabo- 
lism. In this case suramin should show measurable effects n 
basal phosphoinositide metabolism. In contrast, our results 
indicate that suramin-induced changes of phosphoinositide me- 
tabolism were not due to a reduction of EGF receptor-mediated 
autocrine stimulation of phosphoinositide metabolism. Incu- 
bation of HT-29 cells with EGF at concentrations varying from 
0.1 to 1000 ng/m! did not stimulate the phosphoinositide 
system as measured by inositol phosphate release or determi- 
nation of "P incorporation into membrane phospholipids. 5 

Recent reports have shown inhibitory effects of suramin on 
protein kinase C activity (38). Since PI kinase is positively 
regulated by protein kinase C (39) and DAG kinase has been 
shown to be a protein kinase C substrate (40K suramin may 
interfere with mechanisms of phosphoinositide resynthesis me- 
diated by protein kinase C. 

In summary, we report remarkable effects of suramin on 
stimulated phosphoinositide metabolism, due to inhibition f 
PI kinase and DAG kinase activities. This indicates that effects 
of suramin on second messenger-related phospholipid metabo- 
lism need to be considered when suramin is used during inves- 
tigation of growth factor-related metabolic pathways. Since 
development and proliferation of tumor cells may be related to 
increased ^ of growth factor^dependent path- 

waysC persist or altered phpsphoincn ' 

sitide metabolism,, the effects of suramin on phosphoinositide 
synthesis reported in this study may support the probable value 
of suramin as a potential anticancer drug. - v }>\ 1 ^ " f 
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Abstract 

The objective of the present investigation was to prevent cancer of the 
lung by use of chemopreventive agents. Administrations of diets contain- 
ing added mjo-inositol or dexamethasone singly or in combination (the 
latter being the most potent) are being studied for this purpose. In 
previous work, the two compounds were shown to inhibit benzo(a)pyrene 
[B(a)P]-induced pulmonary adenoma formation in female A/J mice when 
fed during the postinitiation period [Le., starting 1 week after the last of 
three administrations of B(a)P by oral intubation]. In the present inves- 
tigation, a longer administration schedule was used, which encompasses 
both the initiation and the postinitiation stages of carcinogenesis. The 
feeding of the test compounds was started 2 weeks prior to the first dose 
of carcinogen and continued for the duration of the experiment Under 
these conditions, reductions in tumor formation were: myo-inositol, 64%; 
dexamethasone, 56%; and both together, 86% (P < 0.001 for all three). 
Addition of both compounds resulted in the largest inhibition that has 
been achieved with this experimental model as used in these investigations. 
Studies have begun of inhibition of 4-(methylnitrosamino)-l-(3-pyridyl)- 
1-butanone-induced pulmonary adenoma formation by /nyo-inositol and 
dexamethasone. The two compounds inhibit pulmonary carcinogenesis 
when fed singly or in combination. When fed throughout the entire 
protocol, reductions in tumor formation were: myoinositol, 46%; dexa- 
methasone, 41%; and both together, 71% (P < 0.001 for all three). The 
results of these investigations demonstrate that myo-inositol and dexam- 
ethasone inhibit pulmonary adenoma formation resulting from exposures 
to two major pulmonary carcinogens, B(a)P and 4-(methylnitrosamino)- 
M3-pyridyl)-l-butanone. 

Introduction 

The present investigation is part of a continuing effort to develop 
effective chemoprevention of carcinogenesis of the lungs. In previous 
studies, addition of myoinositol and dexamethasone to the diet singly 
or in combination (the latter being the most potent) was found to 
reduce B(a)P 3 -induced pulmonary adenoma formation when the diet 
was fed during the postinitiation period (1). There is a great need for 
compounds that can inhibit pulmonary neoplasia when given during 
the postinitiation period of the carcinogenic process. Few chemopre- 
ventive agents have been shown to have this property (2, 3). The first 
demonstration of the chemopreventive effects of myoinositol was in 
carcinogenesis of the large bowel. In this work, myoinositol and 
inositol hexaphosphate (phytate) were both found to prevent carcin- 
ogen-induced neoplasia of this organ site when administered in the 
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postinitiation period. Most of the experiments were done using ino- 
sitol hexaphosphate (4-6). This compound is a common constituent 
of a large number of foods of plant origin (7), in which myoinositol 
can also be present. In addition, myoinositol can be formed within the 
intestinal tract as a result of hydrolysis of inositol hexaphosphate by 
the enzyme phytase, which occurs in the intestinal mucosa (8). Much 
of the ingested inositol hexaphosphate is hydrolyzed to inositol (8). 
The use of inositol hexaphosphate as a chemopreventive agent pre- 
sents a problem in that it is a chelating agent (9). myoinositol does not 
have this property. It has exceedingly little toxicity, which makes it an 
attractive compound for study. It has been administered to humans 
and animals in high doses without producing adverse reactions (1, 10, 
11). myoinositol has been shown to increase pulmonary surfactant 
synthesis when administered to immature animals (12). Other than 
this, very little information exists as to any effects it has on the lung. 
The mechanism(s) by which it inhibits carcinogenesis is not known. 

The second compound under investigation is dexamethasone, a 
synthetic glucocorticoid. This compound has been shown to inhibit 
carcinogenesis of the skin, forestomach, and lungs of the mouse when 
given in the postinitiation period (1, 13, 14). In initiation/promotion 
experiments of epidermal carcinogenesis of the mouse, dexametha- 
sone as well as other glucocorticoids have been found to be highly 
effective inhibitors when administered in the promotion phase of the 
study (13, 14). Dexamethasone has also been found to inhibit B(a)P- 
induced pulmonary adenoma formation and squamous cell carcino- 
genesis of the forestomach in female A/J mice when given in the 
postinitiation period (1). Dexamethasone has a large number of bio- 
logical effects, including the capacity to mature type 2 alveolar cells, 
the major cell type occurring in pulmonary tumors in the experimental 
model used in the present study (15-19). Which effect or combination 
of effects is responsible for the cancer prevention properties of dex- 
amethasone has not been established. 

In earlier studies, both myoinositol and dexamethasone were 
shown to inhibit pulmonary adenoma formation in female A/J mice 
when administered in the postinitiation period (1). The selection of 
this period of the carcinogenic process for study was based on data 
demonstrating this attribute in other tissues as described above. In the 
present investigation, the effects of the two compounds administered 
during an earlier period of the carcinogenic process (i.e., starting 2 
weeks prior to the first administration of carcinogen and continuing 
until 7 days after the last dose) have been studied. In addition, 
experiments have been carried out in which the compounds were fed 
throughout the entire course of the experiment. The prior experiments 
with myoinositol and dexamethasone as inhibitors of pulmonary 
tumor formation were limited to those in which B(a)P was used as the 
carcinogen. In the experimental work presented here, the capacity of 
the two compounds to prevent pulmonary adenoma formation result- 
ing from the administration of a second important pulmonary carcin- 
ogen, NNK, has been determined (20, 21). 
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Table 1 Effects of myo-inositol and dexamethasone on B(a)P-induced pulmonary adenoma formation in female A/J mice 



Dietary additions 



Pulmonary adenomas 





Group 


Preinitiation + 


Postinitiation 


No. of tumors 


% 


Weight gain d 


Experiment 


designation 


initiation periods* 


period 


per mouse 


inhibition 0 


(g) 


1 


C-C 


None 


None 


13.5 ± 5.(/ 




8 




myo-C 


/nyo-inositol 


None 


10.9 ± 4.3 


19 


8 




C-myo 


None 


myo-inositol 


9.3 ± 3.8* 


31 


9 




myo-myo 


myoinositol 


myo-inositol 


6.5 ± 3.3*-'' 


52 


11 


2 


C-C 


None 


None 


17.5 ± 6.1 




5 




C-Dex 


None 


Dexamethasone 


9.3 ± 0.4 7 ' 


47 


4 


3 


C-C 


None 


None 


16.5 ±8.1 




7 




myo-C 


myo-inosiioi 


Non s 


1 1.2 ± 3.9* 


32 


5 




Dex-C 


Dexamethasone 


None 


13.2 ± 3.9 


20 


7 




myo-myo 


myo-Inositol 


myo-inositol 


5.9 ± 2.8 /,m 
7.3 ± 2.1 l,m 


64 


6 




Dex-Dex 


Dexamethasone 


Dexamethasone 


56 


6 




(myo + Dex)-(Myo + Dex) 


myo-inositol + dexamethasone 


myo-inositol + dexamethasone 


2.3 ± 2.3' 


86 


5 



a At 7 weeks of age, female A/J mice were randomized by weight into groups of 15 mice. At that time, they were placed on diets to be fed for 4 weeks. This time period has been 
designated "Preinitiation + initiation periods" and includes the 2 weeks prior to the first dose of B(a)P, the week during which the B(d)P was administered, and 1 week subsequent 
to the last dose of the carcinogen B(a)P (Fig. 1A). Concentrations of the test compounds throughout the experiments were: myo-inositol, 1%; dexamethasone, 0.5 mg/kg of diet 

b Dietary additions starting 1 week after the last administration of B(a)P and continuing for the duration of the protocol (Fig. IB). 

c Mean number of tumors in the control group minus the number in the test group divided by the number in the control group X 100. 

d From the time of randomization until the termination of the protocol. 

* C-C, no additions; myo, myo-inositol; Dex, dexamethasone. 
f Mean ± SD. 

* C-myo vs. C-C (experiment 1), P < 0.05. 

h myo-myo vs. C-C (experiment 1), P < 0.001. 
1 myo-myo vs. C-myo (experiment 1), P < 0.05. 
y C-Dex vs. C-C (experiment 2), P < 0.05. 

* myo-C vj. C-C (experiment 3), P = 0.054. 

' myo-myo vs. C-C (experiment 3), Dex-Dex vs. C-C (experiment 3), and (myo + Dex)-(myo + Dex) vs. C-C (experiment 3), P < 0.001 . 
m myo-myo vs. (myo + Dex)-(myo + Dex) and Dex-Dex vs. (myo + Dex)-(myo + Dex), P < 0.001. 



Materials and Methods 

Chemicals. The chemicals used were myo-inositol (>99% purity) and 
dexamethasone (>99% purity; Sigma Chemical Co., St. Louis, MO); B(a)P 
(>98% purity; Aldrich Chemical Co., Milwaukee, WI); and NNK (>99% 
purity; National Cancer Institute Carcinogen Repository, Midwest Research 
Institute, Kansas City, MO). 

Animal Experiments. Female A/J mice obtained from the Jackson Labo- 
ratories (Bar Harbor, ME) were used in all experiments. The animals were fed 
a semipurified diet consisting of 27% vitamin-free casein, 59% starch, 10% 
corn oil, 4% salt mix (USP XIV), and a complete mixture of vitamins (Teklad, 
Madison, WI). At 7 weeks of age, the mice were randomized by weight into 
groups of 15. They were re weighed at weekly intervals. At 9 weeks of age, the 
animals were given the initial administration of the carcinogen to be used in the 
experiment. In experiments in which the carcinogen used was B(a)P, the dose 
of carcinogen used was 2 mg in 0.2 ml of cottonseed oil given by oral 
intubation. The administrations of B(a)P were repeated at 4 and 7 days after the 
initial dose. In animals receiving NNK, the dose was 1.6 mg in 0.1 ml of saline 
given i.p. Two administrations were given, the second 1 week after the first. 
Protocols with both carcinogens were terminated 21 weeks after the last dose 
of carcinogen, at which time the mice were autopsied. Pulmonary adenomas 
were counted on the surface of the lung using the procedure of Shimkin, as 
previously described (22, 23). Three administration schedules for the chemo- 
preventive agents were used (Fig. 1). In the first of these, the mice were given 
the test compounds starting 2 weeks prior to the initial administration of the 
carcinogen, and the administration of the test compounds was continued until 
1 week after the last dose of the carcinogen was given (Fig. IA). This schedule 
has been designated "preinitiation and initiation periods." In the second ad- 
ministration schedule, the test compounds were fed starting 1 week after the 
last administration of carcinogen and were continued for the duration of the 
protocol (Fig. IB). This schedule has been designated the "postinitiation 
period." The third schedule entailed administering the test agents starting 2 
weeks prior to the first dose of carcinogen and continuing until the end of the 
experiment, (Fig. 1Q. 

Statistical Analysis. Differences between groups in an experiment were 
examined by means of ANOVA or, in the case of inhomogeneous variances, 
by the nonparametric Kruskal-Wallis test. Statistical results by nonparametric 
and parametric tests were the same. If the overall test was significant, pairwise 
comparisons were carried out by means of two-sample t tests with pooled or 
separate variance estimates, depending on whether the variances were similar 
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(P > 0.2) or different. No adjustment for multiple testing was made for these 
t tests because each comparison was important on its own. The statistical 
package SAS was used. 

Results 

In Table 1 , the results of administration of myo-inositol and dexa- 
methasone on B(a)P-induced pulmonary adenoma formation are pre- 
sented. In experiment 1, the effects of feeding myo-inositol during the 
three time schedules shown in Fig. 1 are presented. The first schedule 
(Fig. I A) entails feeding myo-inositol during the preinitiation and 
initiation periods [i.e., starting 2 weeks prior to the first adrninistration 
of B(a)P and continuing until 1 week after the last adrninistration of 
the carcinogen]. When myo-inositol was fed during this time frame, a 
small inhibition of pulmonary adenoma formation was found, which 
was not statistically significant. A larger inhibitory effect occurred 
when the myo-inositol was fed in the postinitiation period (Fig. \B). 
When myo-inositol was given throughout the entire protocol, an 
additive effect was obtained (Fig. 1Q. Experiment 2 demonstrates 
that dexamethasone fed in the postinitiation period results in a reduc- 
tion of pulmonary tumors. The data in experiment 3 again show that 
myo-inositol has a small inhibitory effect when given in the preini- 
tiation and initiation periods. Dexamethasone produces a small but 
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[5] Chemoprevention compounds administered 

Fig. 1 . Schematic presentation of the experimental protocol. 
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Table 2 Effects of myoinositol and dexamethasone on NNK-induced pulmonary adenoma formation in female A/J mice 









Pulmonary adenomas 




Group designation 


Dietary additions 0 


No. of tumors 
per mouse 


% 

inhibition** 


Weight gain c 
(g) 


C-C* 
myo-myo 
Dex-Dex 
(myo + Dex)- 
(myo + Dex) 


None 

myo-inositol 
Dexamethasone 

myo-inositol 4- dexamethasone 


19.2 ± 5.3* 

10.3 ± ^y- 8 

U3±4.\ fh 
5.5 ± Tjf 


46 
41 
71 


6 
5 
6 
5 



a At 7 weeks of age, female A/J mice were randomized by weight into groups of 15 mice. At that time, they were placed on their experimental diets containing the additions shown. 
Thes? diets were continued for the duration of the protocol. Concentrations of the test compound were: myo-inositol, 1%; dexamethasone, 0.5 mg/kg of diet. 
b Calculations as for Table 1. 

c From time of randomization until the termination of the protocol. 
d C-C, no additions, myo, myo-inositol; Dex, dexamethasone. 
'Mean ± SD. 

f myo-myo, Dex-Dex, and (myo + Dex)-(myo + Dex) vs. C-C, P < 0.001. 
* myo-myo vs. (myo + Dex)-(myo -I- Dex), P < 0.005. 
h Dex-Dex vs. (myo + Dex)-(myo + Dex), P < 0.001. 



statistically insignificant inhibitory effect when fed during this time 
interval. In experiment 3, myoinositol and dexamethasone were ad- 
ministered separately or in combination throughout the entire exper- 
iment (Fig. IQ. Each of the compounds, when fed separately, pro- 
duces a high level of inhibition. When they are fed together, an 
additive effect occurs. The 86% inhibition shown with the combined 
feeding of both inhibitors throughout the experiment is the largest that 
has been observed in any study that we have performed with this 
experimental model as we use it. 

In Table 2, the effects of administration of myo-inositol, dexa- 
methasone, or both together throughout the entire experiment on 
NNK-induced pulmonary adenoma formation are shown. As is the 
case with the use of B(a)P as the carcinogen, both compounds, when 
given separately, inhibit pulmonary adenoma formation. Feeding the 
two compounds together results in a greater reduction in pulmonary 
tumor formation than feeding each separately. 

Discussion 

Although cancer of the lungs is the principal cause of cancer deaths 
in the United States and many other industrialized countries, effective 
chemoprevention of this neoplasm has not been achieved. In animal 
models, a number of compounds (blocking agents) can prevent the 
occurrence of this cancer when administered prior to or simulta- 
neously with exposure to chemical carcinogens, but few are effective 
when given in the postinitiation period (3, 24). Both of the compounds 
studied in the present investigation inhibit pulmonary tumor formation 
when administered in the postinitiation period. When given in the 
preinitiation and initiation periods, myo-inositol produced a small but 
statistically insignificant inhibition; dexamethasone had even less 
effect. The two compounds had not been studied previously under 
these conditions. Although these data are not definitive, they are of 
importance in that there is always the possibility that a compound that 
can inhibit in one stage of the carcinogenic sequence may enhance 
carcinogenesis when given in another stage. In the studies carried out 
with myo-inositol and dexamethasone, this certainly is not the case. 

The capacity of the glucocorticoid dexamethasone to inhibit pul- 
monary adenoma formation is of interest in that this compound has 
been found to inhibit cancers of squamous cell origin as well as those 
of glandular origin. Cancers of the lung can arise from different cell 
types. The predominant ones are glandular and squamous. Studies of 
the capacity of dexamethasone to inhibit squamous cell carcinogen- 
esis of the lung have not been reported. If this compound does prevent 
cancers of both cellular origins, it would be particularly attractive. A 
major problem with the use of dexamethasone as a chemopreventive 
agent, as well as other glucocorticoids that have systemic effects, is 
toxicity. However, a number of topically active glucocorticoids with 



minimal systemic effects have been developed and could prove ap- 
plicable for use as chemopreventive agents in the respiratory tract if 
administered by aerosol. 

Prior studies of inhibition of pulmonary adenoma formation by 
myo-inositol and dexamethasone have been limited to B(a)P as the 
carcinogen. In the present work, the two compounds have been shown 
to inhibit pulmonary carcinogenesis resulting from administrations of 
NNK in this tumor model. B(a)P and NNK are representative of two 
major classes of lung carcinogens to which humans are exposed, 
indicating that myo-inositol and dexamethasone may be useful as 
chemopreventive agents in this organ site. 
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Vascular Endothelial Growth Factor Stimulates Protein 
Kinase C-Dependent Phospholipase D Activity in 

Endothelial Cells 

Leonard W. Seymour, Mahmood A. Shoaibi, Ashley Martin, Asif Ahmed, Paul Elvin, 
David J. Kerr, and Michael J. O. Wakelam 

CRC Institute for Cancer Studies (MS, MJOW, DJK, LWS); Department of Obstetrics and Gynecology (AA), 
University of Birmingham School of Medicine, Birmingham, United Kingdom; and Zeneca Pharmaceuticals (PE), 
Alderley Park, Macclesfield, Cheshire, United Kingdom 

SUMMARY: Many tumors produce vascular endothelial growth factor (VEGF), a paracrine factor acting selectively on endothelial 
cells. VEGF has many effects on cultured endothelial cells and mediates angiogenesis and enhanced vascular permeability in 
vivo. The endothelial signal transduction pathways of VEGF represent novel targets for cancer therapy because they are readily 
accessible to systemically administered drugs. We have, examined VEGF-stimulated signals generated in HUVEC to identify 
potential targets for therapeutic intervention. The transphosphatidylation reaction has been used to monitor phospholipase D 
(PLD) activity; total inositol phosphates have been measured after prelabeling of cells with pHJmyoinositol; and intracellular free 
calcium has been measured using Fura-2 fluorescence. After HUVEC-stimulation with VEGF, there is an early influx of calcium 
(maximal by 1 00 seconds) followed by activation of PLD (half maximal by 1 00 seconds, EC 50 70 pM). The PLD activity was 
inhibited by reducing extracellular calcium (150 nM, 50% inhibition), exposure to 12-O-tetradecanoylphorbol 13 acetate (200 nM, 
24 hours, 100% inhibition), Roche 31 .8220 (10 15 minutes, 72% inhibition), or genestein (100 fxM, 30 minutes, 56% inhibition), 
which suggests a dependence on both protein kinase C and tyrosine phosphorylation. Activation of phospholipase C-catalyzed 
hydrolysis of phosphatidy!inositol-4,5-bisphosphate was inferred from the production of inositol phosphates, although this 
response was slower (half maximal by 3 minutes). The phospholipase C activity was also dependent on influx of calcium and was 
partially inhibited by low (150 nM) extracellular calcium. PLD may be involved in mediating a number of endothelial responses to 
tumor-secreted VEGF, notably cytoskefeton-dependent effects such as the cell migration involved in angiogenesis. This signal 
transduction pathway could represent an accessible and vulnerable target for cancer therapeutic intervention and has the novelty 
of being located within normal cells rather than tumor cells. {Lab Invest 1996, 75:427-437). 



T rEGF is a paracrine- acting peptide growth factor 
V implicated in tumor growth and development 
(Plate et al, 1992; Senger et al, 1993; Ferrara, 1995). It 
is produced by many tumors at advanced stages of 
malignancy (Brown et al, 1993, 1995), and its produc- 
tion is further regulated by hypoxia, showing particu- 
larly high expression in areas of tumor adjacent to 
zones of necrosis (Shweiki et al, 1992). VEGF protein 
is secreted from tumor cells and localizes in extracel- 
lular stores, mediating paracrine activities on tumor- 
associated endothelial cells. VEGF (also known as 
vascular permeability factor) is thought to play an 
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important role in regulating tumor vascular permeabil- 
ity (Senger et al, 1983), angiogenesis (Klagsbrun and 
Soker, 1993), and even the angiogenesis involved in 
metastasis (Takahashi et al, 1995). 

The biological effects of VEGF on endothelial cells 
are mediated through the specific membrane recep- 
tors known as KDR and f7f-1 , both Class III tyrosine 
kinase-linked receptors (Jerman et al, 1992; Devries et 
al, 1992). Physiologic responses include chemotaxis, 
mitogenesis, and release of proteolytic enzymes and 
their inhibitors, as well as a stimulation of capillary 
tube formation, which is synergistic with basic fibro- 
blast growth factor (bFGF; Pepper et al, 1991, 1992). 
The precise signaling pathways that mediate these 
responses have not yet been elucidated, although 
they represent an interesting target for potentially 
selective therapeutic intervention because they may 
involve biochemical processes not constitutively acti- 
vated in normal cells. 
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Activation of the low-affinity, high-capacity VEGF 
receptor (known as KDR) is thought to mediate actin 
reorganization, membrane ruffling, chemotaxis, and 
mitogenicity, whereas the functions of the high- 
affinity, low-capacity VEGF receptor (known as fff-1) 
are less clearly understood (Waltenberger et al, 1994). 
Both endothelial VEGF receptors are known to un- 
dergo autcphcsphorylation after agonist binding, with 
phosphorylation of Src family members occurring after 
stimulation offff-1 (Waltenberger et al, 1994). Although 
there are contradictory reports of phosphatidylinositol 
3' -kinase activation and tyrosine phosphorylation of 
phospholipase C (PLC)-y (Waltenberger et al, 1994; 
Guo et al, 1995), a role for phospholipid messengers in 
post-receptor VEGF signaling is clearly suggested by 
the PLC-mediated hydrolysis of phosphatidylinositol- 
4,5-bisphosphate (Brock et al, 1991). 

Phospholipase D (PLD) is also emerging as a signif- 
icant signaling enzyme and is known to be regulated 
variously by tyrosine phosphorylation, protein kinase 
C (PKC) (Cook and Wakelam, 1992), and small molec- 
ular weight G proteins such as Arf, Rho (Kuribara et al, 
1995), and Ral (Jiang et al, 1995). A role for PLD has 
been tentatively suggested in cytoskeletal reorganiza- 
tion (Ha and Exton, 1993) and possibly even in metas- 
tasis (Pai et al, 1994), which makes it an intriguing 
candidate for activation by VEGF. Such a signal could 
represent a useful target for selective therapeutic 
intervention. The purpose of this study was to eluci- 
date the phospholipid signal pathways stimulated by 
VEGF in endothelial cells and to specifically identify 
whether VEGF is capable of stimulating PLD-mediated 
hydrolysis of phosphatidylcholine. 

Results 

VEGF Stimulation of Endothelial Cell Growth 

VEGF stimulated a maximum rise of HUVEC prolifer- 
ation over 72 hours to 250% of control, with an EC50 
of 20 pwi. Basic fibroblast growth factor (bFGF) stim- 



ulated a rise to 
pM (Fig. 1). 



>380% of control, with an ECso >500 



Measurement of Phospholipase D Activity 

To determine whether VEGF was able to stimulate 
PLD activity, changes in pH] phosphatidyibutanol (Pt- 
dButOH) were measured in pHJpalmitate-labeled HU- 
VEC in the presence of 30 nim butan-1-ol. pH] PtdBu- 
tOH formation is catalyzed by the transferase activity 
of PLD and serves as a definitive marker of PLD 
activity. After exposure of HUVEC to a mitogenic 
concentration of VEGF (10 ng/ml, approximately 600 
Pm), pH] PtdButOH increased rapidly (Fig. 2A) with 
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Figure 1. 

Mitogenicity of VEGF and bFGF on HUVEC in vitro. Cells were stimulated with 
agonists at the concentrations shown. After 67 hours, MTT was added to each 
well (500 MQ/ml). and cell viability was assessed (67 to 72 hours) by reduction 
of MTT to an insoluble formazan salt as determined by dissolution in 
dimethylsulfoxide and spectrophotometric absorption at 550 nm. C, bFGF; 
VEGF bars, se. 



time to half maximal stimulation of 100 seconds, 
although the level continued to increase up to at least 
5 minutes. In the absence of stimulus, there was no 
significant change in levels of pH) PtdButOH. The 
ability of VEGF to increase pH] PtdButOH levels was 
dose-dependent, with EC 50 about 70 pM (Fig. 2B). The 
dose-response curve was bell-shaped (data not 
shown) with a peak response at approximately 5 nM 
VEGF. Co-administration of VEGF (1 to 10 ng/ml) and 
bFGF (1 to 10 ng/ml) showed no synergistic effects on 
PLD activation (data not shown). A known stimulator 
of PLD activity in HUVEC, 1 2-O-tetradecanoylphorbol 
13 acetate (TP A; 100 nM), was used as a positive 
control. 



Involvement of PKC in Regulation of VEGF-Stimulated 
PLD Activity 

The possible involvement of PKC in mediating 
VEGF-stimulated [ 3 H] PtdButOH formation was in- 
vestigated using various strategies. Initially, cells 
were depleted of cellular PKC activity by prolonged 
exposure to TPA (200 nM, 24 hours). Under these 
conditions, the formation of pH] PtdButOH in re- 
sponse to subsequent VEGF challenge (1 , 1 0, or 1 00 
ng/ml) was completely abolished (Fig. 3A). TPA 
itself, again used as a control, was also unable to 
stimulate a response in these cells. 

Most common isoforms of PKC (a, 0„ 0,,, and y but 
not 5, €, i), and Q are dependent on calcium influx for 
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Figure 2. 

Effect of VEGF on [ 3 H] PtdButOH formation in HUVEC. Ceils were prelabeled with [ 3 H]palmitic acid, preincubated with butan-1-ol. then stimulated with VEGF (Tims 
0). A. Time course of PLD response after the addition (Time 0) of 10 ng/ml of VEGF. 8. Influence of VEGF dose on PLO response measured 20 minutes after addition 
of VEGF. TPA (200 nw) was used as a positive control. Points are the mean of triplicate determination from a single experiment, typical of three others; bars represent 
the se. 



activation (Lopez et al, 1995), and this can be pre- 
vented by performing experiments in low (150 nivi) 
calcium buffer, approximately equal to the intracellular 
concentration of free calcium. VEGF (10 or 100 ng/ml) 
stimulation of endothelial cells under these low- 
calcium conditions showed an approximate 50% de- 
crease in f J H] PtdButOH formation compared with 
normal calcium controls (Fig. 3B), which suggests the 
involvement of a calcium signal upstream of the PLD 
activity. 

Finally, the Roche compound 31.8220, widely used 
as a selective inhibitor of PKC, was applied to cells (1 0 
piM, 15 minutes) and mediated 72% inhibition of pH] 
PtdButOH formation in response to subsequent addi- 
tion of VEGF (100 ng/ml; Fig. 3C). 

Taken together, these data indicate that the PLD 
activity stimulated by VEGF within HUVEC is partially 
dependent on PKC activity, which indicates the prob- 
ability of a serine/threonine phosphorylation stage in 
the regulation of its activation. 

Involvement of Tyrosine Phosphorylation in Regulation of 
VEGF-Stimulated PLD Activity 

Preincubation of cells with genestein (100 jxm, 30 
minutes), an inhibitor of tyrosine kinases, led to an 
approximate 56% fall in the levels of fH] PtdButOH 
formation mediated by subsequent challenge with 
VEGF (100 ng/ml; Fig. 3C). Despite the nonspecific 
nature of genestein inhibition, this result does suggest 
the involvement of tyrosin phosphorylation upstream 
of the PLD activity. 



Measurement of Intracellular Calcium 

The ability of low extracellular calcium levels to inhibit 
phospholipase D activity suggested that calcium influx 
formed an intrinsic part of the signaling process. We 
measured VEGF-stimulated changes in intracellular 
free calcium by monitoring the fluorescence intensity 
of intracellular Fura-2. To facilitate routine quantifica- 
tion, suspension cultures of HUVEC were used. 

When assayed in full medium, thrombin (2 U/ml; 
used as a positive control) evoked a rapid increase 
in [Ca 2+ ]i (Fig. 4A), which quickly returned to levels 
near basal. VEGF (10 or 100 ng/ml) evoked a rela- 
tively slow rise in [Ca 2+ ]i levels, which were maximal 
after approximately 100 seconds and declined to an 
elevated plateau (approximately 80% of maximum) 
over the next 200 seconds (Fig. 4B). These results 
are compatible with a greater proportion of the 
elevated [Ca 2+ ]i being released from intracellular 
stores for thrombin than for VEGF, and this possi- 
bility was subsequently examined using extracellu- 
lar EGTA. 

Preincubation of HUVEC in EGTA (10 mM, 5 min- 
utes) had relatively little effect on the initial elevation of 
[Ca 2+ ]i mediated by thrombin, although the signal that 
was generated declined to basal levels within 150 
seconds of agonist challenge (Fig. 5A). This suggests 
that the influx of extracellular Ca 2 " had been abol- 
ished, although th r I ase of Ca 2+ from intracellular 
stores (presumably mediated by inositol 1,4,5- 
trisphosphate) was essentially unaffected. In contrast, 
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Figure 3. 

Inhibition of VEGF-stimulated PLD activity by PKC antagonists and genestein. Cells were prelabeled with [ 3 H]pa!mitic acid, preincubatcd with butan-1-ol, then 
stimulated for 20 minutes with (A) 0:1, 10 and 100 ng/m) of VEGF with or without TPA pretreatment (200 niu, 24 hours) or (B) 0, 10, and 100 ng/ml of VEGF in the 
presence or absence of EGTA (1 mu, added 1 minute before VEGF) or (C) 100 no/ml of VEGF with or without Roche 31.8220 (10 row, added 1 5 minutes before VEGF). 
genestein (100 mM, added 30 minutes before VEGF). or with both Roche 31.8220 and genestein. Columns represent the mean of triplicate determination from a single 
experiment, typical of three others; the bars represent the se 



the elevation of [Ca 2 ']i in response to VEGF was 
completely abolished by preincubation in extracellular 
EGTA (Fig. 5B). This result was un xpected and sug- 
gests either that VEGF normally mediates no release 
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of Ca 2+ from intracellular stores or that mobilization of 
intracellular Ca 2+ is itself dependent on an influx of 
Ca 2+ from outside the cell, perhaps after activation of 
an ion channel. 
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Figure 4. 

Effect of VEGF on mobilization of intracellular calcium. Cells were loaded with Fura-2 AM dye for 45 minutes and then stimulated with (A) 2 U/ml of thrombin or (B) 
100 ng/ml of VEGF. Intracellular free calcium levels were measured as described in the text. Agonists {A), Triton X-100 ( J) t and EGTA (£) were added when shown. 
The results presented are typical of three separate experiments. 



Measurement of Inositol Phosphate Production 
To elucidate the possible involvement of PLC activity 
in mediating cellular responses to VEGF, accumula- 
tion of pHJinositol phosphat s in HUVEC prelabeled 
with pH]myoinositol was measured in the presence of 



10 itim UCI. HUVEC exposed to a mitogenic concen- 
tration of VEGF (100 ng/ml) showed a gradual increase 
in th level of pH] inositol phosphates, which was 
measurabl aft r 2 minutes and continued increasing 
up to past 10 minutes (Fig. 6). In the absence of 
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Figure 5. 

Effect of VEGF on intracellular calcium in the presence of EGTA. Cells were loaded with Fura-2-AM dye for 45 minutes and then incubated with 10 mM EGTA for 5 
minutes. Cells were then stimulated with (A) 2 U/ml of thrombin or (8) 100 ng/ml of VEGF. Intracellular free calcium levels were measured as described in the text. 
Agonists {A), Triton X-100 (7), and CaCi 2 (Q were added when shown. The results presented are typical of three separate experiments. 



stimulus, there was no significant increase in levels of 
pH]inositol phosphates over the 20-minute period. 
Examination of the [Ca 2+ ]i traces over an extended 
time course (data not shown) gave no indication of a 
biphasic calcium response, which suggests that the 
high levels of inositol phosphates produced 10 to 20 
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minutes after VEGF stimulation do not lead to further 
elevated intracellular calcium. It is possible, however, 
that a second phase of [Ca 2+ ]i increase may be 
masked by the first. 

When pHJinositol-labelled cells w re incubated in 
EGTA (1 mM) throughout the xposure to VEGF (100 
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Figure 6. 

Time course of VEGF stimulation of inositol phosphate formation in HUVEC. 
Cells were loaded with [ 3 H]myoinositol and incubated with (O) or without p) 
100 ng/ml of VEGF for varying lengths of time. Inositol phosphate generation 
was measured as described in the text. In some experiments. HUVEC were 
washed with EGTA (1 mM) and then stimulated with VEGF (100 ng/ml) in 
low-calcium buffer (•). An EGTA/low-calcium buffer control without the 
addition of VEGF, was also performed (■). Points represent the mean of 
triplicate determination from a single experiment, typical of three others; the 
bars represent se. 



ng/ml), total production of fHJinosito! phosphates was 
decreased compared with that detected in normal 
calcium-containing medium (Fig. 6) and reached a 
plateau 5 to 10 minutes after addition of VEGF. 

Discussion 

VEGF is of central importance to the maintenance and 
growth of many solid tumors (Kim et al, 1993), influ- 
encing vascularization of primary and metastatic 
growths (Ferrara, 1995; Takahashi et al, 1995) and the 
enhanced permeability of tumor-associated vascula- 
ture, which results in increased extravasation of pro- 
teins for clotting and stromal expansion (Senger et al, 

1993) . The paracrine action of VEGF on endothelial 
cells represents a promising target for therapeutic 
intervention because functional endothelial cells are 
easily accessible from the bloodstream. Agents capa- 
ble of selective inhibition of the effects of VEGF on 
endothelial cells could, therefore, be of significant 
therapeutic interest. 

There are various approaches to inhibiting VEGF 
stimulation of endothelial cells, including the use of 
anti-VEGF antibodies (Kim et al, 1993), receptor an- 
tagonists, or dominant negative VEGF receptor mu- 
tants introduced into endothelial cells (Millauer et al, 

1994) . We focused on the identification of post- 
receptor signaling pathways that may be susceptible 



to inhibition by low molecular weight agents suitable 
for systemic application. In this context phospholipid 
signaling represents a promising opportunity for ther- 
apeutic intervention. Although some anticancer 
agents are known to inhibit phospholipid signaling 
pathways (eg, ether lipid analogu ET-18-OCH 3 , 
suramin (Powis, 1994)), selective inhibition of these 
pathways has not been strategically pursued in cancer 
therapy. The demonstration that VEGF stimulates 
phospholipase D activity in endothelial cells, therefore, 
presents a novel therapeutic target not previously 
described. 

PLD is rapidly activated by the addition of VEGF 
to HUVEC (time to half maximal stimulation is 100 
seconds) and seems dependent on PKC as well as 
tyrosine phosphorylation. A similar time scale and 
pattern of regulation was reported for PLD activa- 
tion in HUVEC after stimulation with bFGF, although 
bFGF, in contrast to VEGF, evoked no generation of 
inositol phosphates (Ahmed et al, 1994). The dem- 
onstration of inositol lipid hydrolysis by VEGF is in 
agreement with previous studies (Brock et al, 1991), 
although the time course of induction is slower than 
those reported in the literature for other agonists 
(eg, bradykinin (Ahmed et al, 1994)). This is presum- 
ably because VEGF activates PLC-y, whereas bra- 
dykinin activates PLC-j3 by a G -protein -I inked 
mechanism. 

The slow activation of inositol lipid hydrolysis by 
VEGF is likely to be accompanied by equally slow 
diacylglycerol generation. Thus, the activation of PKC 
may be controlled predominantly by the influx of 
calcium, as previously suggested for bFGF stimulation 
of PKC in these cells (Ahmed et al, 1994). Therefore, 
the reduction in PLD activity caused by lowering 
extracellular calcium and, thus, preventing calcium 
entry could be caused by an inhibition of PKC activity 
as suggested for regulation of PLD activity in fibro- 
blasts (Cooketal, 1991). 

Complete inhibition of VEGF-mediated increased 
[Ca 2+ Ji by extracellular EGTA has not been previously 
reported. This can be explained, at least in part, by the 
demonstration that the VEGF-stimulated intracellular 
generation of inositol phosphates is itself dependent 
on an influx of extracellular calcium (Fig. 6B). Although 
the calcium dependence of PLC has been previously 
suggested in some systems, subtypes of PLC with 
intrinsic calcium dependence have not been identified 
(Meldrum et al, 1991). The recent identification of a 
Ca 2+ -activated tyrosine kinas could, however, sug- 
gest a mechanism for Ca 2+ -dependent PLC-y phos- 
phorylation and, thus, activation. 
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Stimulated PLD activity is unlikely to be directly 
involved in the control of DNA synthesis. There are, 
however, indications that the enzyme plays a role in 
the regulation of cytoskeletal events, which may be 
important in mediating VEGF-stimulated angiogenic 
responses. Phosphatidate was suggested to stimulate 
actin stress fiber formation in IIC9 cells (Ha and Exton, 
1993), and recent experiments have suggested that 
PLD activation is upstream of Rho activation (Collard, 
1996) in an endothelial cell line (Cross et al t 1996). 
Recent work from Williger et al (1995) has reinforced 
the role of phosphatidate in controlling enzyme secre- 
tion, whereas photolysis of caged phosphatidic acid in 
metastatic fibrosarcoma cells was shown to mediate 
release of gelatin ase A. This raises the possibility of a 
role for PLD in regulating cytoskeletal involvement in 
protease secretion and cellular motility (Cross et al, 
1996), which are both processes fundamental to the 
angiogenic activity associated with solid tumors and 
with metastasis. 

Determination of the physiologic implications of 
inhibiting VEGF-stimulated PLD activity is limited by 
the availability of specific PLD inhibitors, although 
semiselective inhibitors such as novel ketoepoxides 
(Pai et al, 1994) and demethoxyviridin (Bonser et al, 
1991) are available. We are currently examining the 
effects of these agents on endothelial responses to 
VEGF and correlating with PLD inhibition to determine 
whether this enzyme constitutes a vulnerable and 
accessible nontumor target for selective intervention 
in cancer chemotherapy. 



Materials and Methods 

Medium 199, FCS, L-glutamine, EGTA, TPA, genest- 
ein, thrombin, perchloric acid, lithium chloride, and 
gelatin were purchased from Sigma Chemical Com- 
pany (Poole, United Kingdom). bFGF was purchased 
from Advanced Protein Products (Brierley Hill, United 
Kingdom). VEGF and Roche 31 .8220 were generous 
gifts from Zeneca Pharmaceuticals pic (Macclesfield, 
United Kingdom) and Roche Products (Welwyn Gar- 
den City, United Kingdom), respectively. PBS was 
purchased from Rowgen (Shenstone, United King- 
dom), butanol was purchased from Fisons (Loughbor- 
ough, United Kingdom), pH] palmitic acid and pH]my- 
oinositoi were purchased from Amersham 
International pic (Amersham, United Kingdom), type I 
collagenase was puchased from Lome Diagnostics 
Ltd. (Twyford, United Kingdom), and Hanks' buffer 
was puchased from Gibco (Paisley, United Kingdom). 
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Ceil Isolation and Culture 

HUVEC were isolated from cords 1 to 2 hours old 
(Jaffe et al, 1973). The veins in cords 4 to 6 inches in 
length were cannulated and washed with 30 to 60 ml 
of PBS to remove blood clots. PBS was then replaced 
with 6 to 10 ml of type I collagenase (1 mg/ml in PBS) 
and incubated at 37°C for 10 minutes. The veins were 
rinsed with 10 ml of PBS, which was then collected. 
Ceils were collected by centrifugation and then resus- 
pended in 7 ml of M199 supplemented with 20% FCS, 
1% L-glutamine, and 10 ng/ml of bFGF in 25-cm 2 
flasks (Falcon, Cowley, United Kingdom) precoated 
with 2% gelatin. Cells were incubated at 37°C in a 
humidified atmosphere of air/C0 2 (19:1). Cells were 
split 1 :3 every 7 days and were used before Passage 
8. 

Mitogenic Activity of VEGF 

Confluent monolayers of HUVEC were trypsinized with 
EDTA-trypsin and plated at a density of 10 4 cells/ml -1 
(200 /il/well) in gelatin-coated 96-well plates. After 24 
hours in full medium, cells were incubated for a further 
24 hours in media containing charcoal-stripped serum 
(10% v/v). Stimulation was initiated with agonist in 
medium M199 containing stripped serum (10% v/v). 
Cells were incubated at 37 °C in a humidified atmo- 
sphere for 72 hours. After 67 hours, 3-4,5 
dimethylthiazole-2 t 5 diphenyl tetrazolium bromide 
(MTT) was added to each well (final concentration, 500 
pig/ml). Cell viability was assessed during the last 5 
hours of culture by reduction of MTT to an insoluble 
formazan salt, monitoring by dissolution in dimethyl- 
sulfoxide, and measuring spectrophotometric absorp- 
tion at 550 nm. 

Assay for PLD Activity 

For the assay of PLD-stimulated 3 H-labeled pH]Ptd- 
ButOH accumulation, confluent monolayers of HU- 
VEC were trypsinized with EDTA-trypsin and plated 
into gelatin-coated multiwell culture plates at 2 x 10 s 
cells/well in 12-well plates or 10 s cells/well in 24-well 
plates. Cells were incubated in serum-free M199 con- 
taining 4 ju,Ci/ml of pH]palmitic acid for 24 hours at 
37°C and were preincubated with butanol (30 miw, 5 
minutes) before initiation of the reaction. Stimulation 
was initiated with agonist in M199 containing BSA 
(0.1% w/v). The reaction was terminated by rapid 
aspiration followed by the addition of 0.5 ml of ice- 
cold methanol, then washed with a further 0.2 ml, and 
the extracts were transferred to glass vials. Chloro- 
form (0.7 ml) was added, and the samples were left to 
extract for 45 minutes. The phases were split by the 
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addition of water to a final ratio of 1 :1 :0.9 (methanol- 
:chloroform:water) followed by centrifugation. The 
aqueous phase was removed, and the lower phase 
was dried in a gyro-vac. A small quantity of unlabeled 
PtdButOH was added to the samples to enable deter- 
mination of the position of the [ 3 H] PtdButOH peak with 
iodine. Radiolabeled products were separated by thin- 
layer chromotography using an organic phase of 
2,2,4-trimethylpentane:ethyl acetate:acetic acid:water 
(5:11:2:10, v/v). The position of the PtdButOH spot 
was determined by iodine staining, and the spot was 
scraped, collected in vials with scintillation fluid (4 ml), 
and then counted for 1 minute after sublimation. 

Measurement of Total Inositol Phosphates 

Confluent monolayers of HUVEC were trypsinized with 
EDTA-trypsin and plated into gelatin-coated multiwell 
culture plates at 2 x 10 5 cells/well in 12-well plates or 
10 s cells/well in 24-well plates. Cells were incubated in 
serum-free M199 containing 3 fiC\M pHjmyoinositol 
for 24 hours at 37°C, washed twice in Hanks' buffer 
containing 0.1% BSA, and then incubated in buffer 
supplemented with LiCI (10 itim). Stimulation was 
initiated with the given concentration of agonist in 
buffer containing LiCI (10 itim) at 37°C. The reaction 
was terminated by aspirating the media and replacing 
it with ice-cold perchloric acid (5% w/v; 0.5 ml) for 30 
minutes on ice to extract cellular 3 H-labeled inositol 
phosphates. Cell extracts were neutralized, and total 
inositol phosphate accumulation was determined as 
described by Black and Wakelam (1990). In certain 
experiments, cells were loaded with [ 3 H]myoinositol 
as above, then washed briefly in Hanks' buffer con- 
taining EGTA (1 mw) and reincubated in low-calcium 
(150 nM) buffer before stimulation with VEGF. Total 
accumulation of inositol phosphates was determined 
as before. 

Intracellular Ca 2 * Measurements 

For [Ca 2+ ]i measurements, confluent monolayers of 
HUVEC were trypsinized with EDTA-trypsin and 
loaded with Fura-2 (2 piM, acetoxymethyl ester form) 
for 45 minutes at 37°C at a density of 10 7 cells/ml in 
complete media. Cells were then washed and resus- 
pended in Hanks' buffer, pH 7.4, at 2 x 10 6 cells per 
ml. 

Fura-2 fluorescence was measured from 1-ml sam- 
ples of cell suspension (2 x 10 6 cells/ml) in a stirred 
cuvette using a Hitachi F-2000 fluorescence spectro- 
photometer (Yokohama, Japan). Excitation wave 
lengths of 340 and 380 nm were provided by a rotating 
filter wheel. [Ca 2+ ]i was calculated from the 340:380 
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nm fluorescence ratio according to th method of 
Grynkiewicz et al (1985). was determined after 
addition of Triton X-100 (final concentration, 10 itim), 
and R min was determined after the subsequent addi- 
tion of EGTA (final concentration, 10 itim). 

To determine response in the absence of extracel- 
lular [Ca 2 "], cells were incubated with EGTA (1 0 mM, 5 
minutes) before the addition of an agonist. was 
determined by adding Triton X-100 (final concentra- 
tion, 10 mw), and R mjn was determined after the 
addition of CaCI 2 (final concentration, 100 mM). 
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ABSTRACT 

Cells derived from an experimental luteinized ovarian tumor are 
more sensitive to GnRH endocrine action than control luteal cells. In an 
attempt to understand the possible causes of the differential sensibility 
to GnRH action, we examined the number and affinity of GnRH recep- 
tors and the second messenger response to GnRH stimulation in both 
tissues. For GnRH receptor studies membranes were obtained from 4- 
to 6-week-old ovarian tumors (luteoma) and ovaries from prepubertal 
rats treated with 25 IU PMSG and 25 IU hCG (SPO) and were incubated 
with [ l25 I]Buserelin. The number of GnRH receptors were increased in 
luteoma compared with that in SPO ovaries; dissociation constants were 
similar in both tissues. GnRH stimulation of second messenger release 
was assessed in cells obtained from luteoma and SPO ovaries by colla- 
genase treatment. Buserelin (100 ng/ml) induced a significant 35% cal- 
cium increase in SPO cells, as determined by the fura-2 method; in 
luteoma cells no response was observed after buserelin stimulation, 



although a calcium transient was induced by thapsigargin (0.5 /am), an 
inhibitor of Ca 2+ -adenosine triphosphatase associated with the endo- 
plasmic reticulum. The effect of buserelin on inositol phosphates was 
evaluated after incubation of luteoma and SPO cells with [ 3 Hlmyo- 
inositol for 48 h. Buserelin induced a 400% increase in inositol trisphos- 
phate in SPO cells. Again, luteoma cells did not respond to buserelin 
stimulation, although NaF (10 mM), an activator of G proteins coupled 
to phospholipase C, induced an 800% increase in inositol trisphosphate. 
Although the number of GnRH receptors is augmented in luteoma cells, 
justifying an increased endocrine response, neither inositol phosphates 
nor intracellular calcium were released by a GnRH analog, indicating the 
uncoupling of GnRH receptors from phospholipase C. These data provide 
evidence that the transformation of the ovary into a luteoma implies the 
acquisition of novel characteristics in the GnRH receptor second mes- 
senger-generating system. (Endocrinology 140: 3573-3580, 1999) 



IN PREVIOUS studies we have reported that intrasplenic 
ovarian tumors, which develop in response to the high 
gonadotropin levels characteristic of this model (1-3), re- 
gress significantly under a GnRH analog treatment, prin- 
cipally due to desensitization of the pituitary (4). Never- 
theless, a direct effect of GnRH agonists on this ovarian 
tumor was also described, as it possesses GnRH receptors, 
and GnRH analogs inhibit the LH-induced progesterone 
secretion in vitro (5). In fact, the inhibitory effect elicited 
by GnRH on steroidogenesis was more intense in tumor 
cells than in control luteal cells from superovulated pre- 
pubertal rats (SPO) under the experimental conditions 
studied. Differences in GnRH action between both kinds 
of cells could be due to a variety of factors, including 
receptor number or affinity and second messenger 
mobilization. 

GnRH is primarily recognized for its regulation of LH and 
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FSH release from the pituitary. However, it is also thought 
to be an important paracrine/autocrine regulator in the go- 
nads. A GnRH-like peptide and GnRH receptors have been 
isolated from ovarian extracts, and transcription from the 
genes has also been confirmed in this tissue (6-10). The 
identification of ovarian GnRH receptors and evidence of 
direct effects of the decapeptide on steroidogenesis (11-13) 
lend credence to its putative role as an intraovarian hormone. 
With regard to the mechanism of action of this peptide, it has 
been shown that activation of GnRH receptors in ovarian 
cells, like that in pituitary cells, is associated with G protein- 
mediated activation of phospholipase C (PLC) (11, 14, 15). 
Rapid incorporation of [ 32 P]orthophosphate into phospha- 
tidic acid and phosphatidylinositols and hydrolysis of phos- 
phatidylinositol (PI) mono- and bis-phosphates with rapid 
formation of inositol mono-, bis-, and tris-phosphates (IrtsP, 
InsP 2 , and lnsP 3 ) and diacylglycerol (DAG) have been de- 
scribed in ovarian tissue. Inositol-l,4^-trisphosphate (InsP 3 ), 
acting on InsP 3 -specific receptors at the endoplasmic retic- 
ulum, induces a rapid increase in intracellular Ca 2+ ([Ca 2+ IX 
although actions at the plasma membrane have also been 
described. In addition to its now classic effects through ac- 
tivation of phospholipase C, GnRH may exert its action 
through phospholipase A 2 and phospholipase D stimulation 
(15). 

The present set of experiments was designed to evaluate 
both GnRH receptor number and affinity and second mes- 
senger response to GnRH stimulation comparatively in lu- 
teoma and control luteal cells. 
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Materials and Methods 

Adult female virgin Sprague Dawley rats (200-250 g) from the In- 
stitute de Biologfa y Medicina Experimental colony were housed in 
groups in an air-conditioned room, with lights on from 0700-1900 h. 
They were given free access to laboratory chow and tap water. At the 
end of the experimental procedures, animals were killed by decapitation 
according to protocols for animal use approved by the institutional 
animal care and use committee (IBYME-CONICET) that follows NIH 
guidelines. 

Tumor-bearing animals were bilaterally ovariectomized, and one 
ovary was implanted into the spleen 4-6 weeks before the experiments 
(luteoma), as previously described (3-5). 

Control animals were 23- to 25-day-old female rats injected with 25 
IU PMSG (Novormon, Syntex, Buenos Aires) and 25 IU hCG (Endoco- 
rion, Elea, Buenos Aires) 48 h later. These animals were used 5 days after 
hCG injection (SPO). 

For GnRH receptor studies only, a second control group was used: 

23- to 25-day-old female prepubertal rats without any treatment (PP). 
This group was included in receptor studies because it has been shown 
that prepubertal ovaries possess the maximal amount of ovarian GnRH 
receptors (16, 17); therefore, it served as a control of receptor levels for 
the experimental groups (luteoma and SPO). 

GnRH receptors 

Iodination of tracer ([ 125 I] Buserelin) and receptor assays were per- 
formed as described previously (5). Briefly, for saturation analysis, mem- 
branes from ovaries from SPO and PP rats or luteoma were obtained and 
incubated with 5-8 X 10 4 cpm [ t25 I]GnRH agonist. Ligand concentra- 
tions were near saturating, representing about 85% receptor occupancy. 
Nonspecific binding was determined by addition of 1 X 10 _t> m unla- 
beled GnRH agonist and represented 5-8% of the total iodinated tracer. 
For Scatchard analysis, membranes were incubated with increasing con- 
centrations of the labeled analog (5,000-120,000 cpm). In all cases tubes 
were incubated for 120 min on ice, and the reaction was terminated by 
centrifugation at 13,000 rpm for 20 min at 4 C. The supernatants were 
aspirated and discarded, and the pellets were counted in a 
y-spectrometer. 

Luteal cells 

Animals were operated on as described above to induce the devel- 
opment of the luteoma and were left undisturbed for 4-6 weeks. Cells 
from ovarian tumors as well as from 23- to 25-day-old SPO were isolated 
with collagenase, as described previously (4, 5). Cells were then used 
either the same day for calcium measurements or plated in plastic 

24- multiwell plates coated with rat tail collagen (—750,000 cells/ ml in 
DMEM-Ham's F-12 with 2.2 g/liter sodium bicarbonate, 10% FCS, Nys- 
tatin, and gentamicin) for inositol phosphate studies. Note the similitude 
between both cell types, as observed by light microscopy in fresh cell 
cultures (10-fold; Fig. 1). 

Intracellular Ca 2+ measurements 

Intracellular calcium was measured as described previously (18). 
Briefly, fura-2/AM (tetracetoxymethylesther fura-2) was used as a flu- 
orescent indicator. The pellet of luteal cells of each experimental group 
(luteoma and SPO) was redispersed and incubated in the presence of 2 
/tM fura-2/ AM for 45 min at 37 C in an atmosphere of 5% C0 2 . Cells were 
then washed twice and prepared at a density of 2 X 10 6 eel Is /ml. 
Fluorescence was measured in a spectrofluorometer (Jasco Corp., Tokyo, 
japan) provided with the accessory CA-261 to measure Ca 2+ with con- 
tinuous stirring, thermostat adjusted to 37 C, and injection chamber. 
Intracellular Ca 2+ levels were registered every second by exposure to 
alternating 340- and 380-nm light beams, and the intensity of light 
emission at 505 nm was measured. Drugs (5 /d) were injected into the 
chamber at 2 min (concentration in chamber, 100 ng/ ml buserelin, 1 X 
10~ 12 M hCG, or 0.5 /jlm thapsigargin). The preparation was calibrated 
determining maximal fluorescence induced by 0.1% Triton X-100 (F- ax ) 
and minimal fluorescence (F min ) in the presence of 5 mM EGTA. [Ca 2+ ] ; 
was calculated according to the method of Grynkiewicz (19). Basal 
values were considered to be those measured during the first minute of 




Fig. 1. Light microscopy photomicrographs of luteoma (upper panel) 
and superovulated prepubertal ovarian cells (lower panel) after 72 h 
in culture (magnification, X10). 



the experiment. Resulting graphs were scanned, processed, and quan- 
tified using Ungraph 2.0 and Excel 5.0 software. Results were normal- 
ized with respect to average basal levels. Experiments were repeated 
three to six times. 

Measurement of inositol phosphates 

Inositol phosphates were measured as described previously (20) with 
minor modifications. Briefly, 1 day after plating, the medium in the wells 
was changed to fresh medium containing 4 /xCi/ml [ 3 H] myoinositol 
and incubated for 48 h before the experiment. At the end of the labeling 
period, the cells were washed twice with DMEM-Ham's F-12 with 2.2 
g/liter sodium bicarbonate containing 0.1% BSA (buffer 1). Cells were 
then incubated in buffer 1 with 20 mM LiCl for 15 min. Thereafter, stimuli 
(10 jil) were added (final concentrations in the well, 1 and 100 ng/ml 
Buserelin and 10 mM NaF), and cells were further incubated for 30 min. 
After the incubation, the cells were placed on ice, treated with 0.5 m 
HC10 4/ and scraped. Wei) contents were transferred to tubes and cen- 
trifuged. The pellets were kept for DNA measurement. The neutralized 
supernatants (0.72 m KOH and 0.6 m HKCO^) were chromatographed 
on Dowex (Bio-Rad Laboratories, Inc., Hercules, CA) columns (formate 
form) to elute InsP, InsP 2 , and lnsP 3 . Two-milliliter aliquots of each wash 
were mixed with 6 ml Optiphase Hisafe 3 (Wallac, Turku, Finland) and 
counted in a liquid scintillation counter. Experiments were repeated 
three to five times. 

Statistical analysis 

Scatchard analysis of binding data was performed using a computer 
curve-fitting program (Ligand) for a single class of binding sites. 
Changes in receptor number among groups were analyzed using one- 
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way ANOVA followed by Tukey's test. In intracellular calcium studies, 
the amount of calcium released was assessed by the area under the curve 
between 2 and 3 min or 2 and 4.30 min, depending on the stimulus; 
differences in areas were analyzed by multiple variance analysis for 
paired samples, followed by Tukey's test. For inositol phosphate studies, 
differences among groups were analyzed by multiple variance analysis 
for paired samples, followed by Tukey's test. In all cases P < 0.05 was 
considered significant. 

Drugs 

[D-Ser(tBu) b -des-Gly ,0 ]GnRH-N-ethylamide (Buserelin), a GnRH ag- 
onist was a gift from Hoechst (Buenos Aires, Argentina). PMSG (No- 
vormon) was a gift from Syntex (Buenos Aires, Argentina), and hCG 
(Endocorion) was purchased from Elea (Buenos Aires, Argentina). NaF, 
myo-inositol, LiCl, fura-2/AM, and thapsigargin were purchased from 
Sigma Chemical Co. (St. Louis, MO). 125 Iodine and [2-N- 3 H]myo-inositol 
(20Ci/mmol) were obtained from NEN Life Sciences Products (Boston, 
MA). 

Results 

GnRH receptors in ovarian tissues from luteoma-bearing 
rats, prepubertal female rats, and SPO rats' 

According to Scatchard analysis ovarian tissues showed a 
single class of high affinity binding sites (Fig; 2, upper panel). 
Kd values were similar among the groups (PP, 0.054 ± 0.020 
im; SPO, 0.048 ± 0.039 i\m; luteoma, 0.047 ± 0.032 iim). 

Significant differences in GnRH receptor numbers were 
observed among all ovarian tissues (P < 0.001; Fig. 2, lower 
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FiG. 2. GnRH receptors in ovarian tissues. Upper panel, Scatch- 
ard analysis of GnRH binding to membranes of ovarian tumors 
(LUTEOMA), prepubertal ovaries (PP), and superovulated prepuber- 
tal ovaries (SPO). One experiment representative of three is shown. 
Lower panel, Number of GnRH receptors in the different tissues 
determined by saturation analysis (n = 8 for each tissue), a, Signif- 
icantly different from SPO; b, significantly different from PP; c, sig- 
nificantly different from LUTEOMA. 



panel). Ovaries of PP animals had the largest number of 
GnRH receptors, followed by the luteoma group and finally 
by the ovaries of SPO rats. 

[Ca 2 *]i mobilization in ovarian cells from luteoma and 
ovaries from SPO rats 

Changes in intracellular calcium induced by different 
stimuli were monitored in luteoma and SPO cells. No dif- 
ferences were observed in basal calcium levels between the 
groups (basal [Ca 2+ L 171 - 6 ± 23 5 and 1945 ± 181 «m in 
luteoma and SPO cells, respectively; n = 5). As expected, 
Buserelin induced a significant and classical release of [Ca 2+ ] s 
in SPO cells. In contrast, no mobilization of calcium was 
observed in luteoma cells (Fig. 3 and Table 1). hCG, an agent 
proposed to activate PLC in the ovary, was also able to 
induce a significant increase in [Ca 2+ ]j levels in SPO cells, 
although of less magnitude than that induced by Buserelin, 
both at concentrations that induce maximal endocrine re- 
sponses (Table 1). Again, luteoma cells were unresponsive 
(Fig. 4). Thapsigargin, an inhibitor of Ca 2+ -adenosine 
triphosphatase associated with the endoplasmic reticulum, 
induced calcium release in both cell types (Fig. 5), although 
the levels achieved were significantly higher in luteoma than 
in SPO cells [area under the plateau from 2.05-4.55 min: 
luteoma, 2195 ± 371.3 (7%); SPO, 1187 ± 195.3 (6%);P < 0.05]. 

Inositol phosphates in cell cultures from luteoma and 
ovaries from SPO rats 

No significant differences in basal total inositol phos- 
phates, including InsP, InsP^ and InsP-*, were observed be- 
tween luteoma- and SPO-derived cells. In SPO cells, Buse- 
relin (100 ng/ml) and NaF (10 mM) induced significant 
increases in total inositol phosphates (P < 0.01; Fig. 6). Buse- 
relin in concentrations as low as 1 ng/ml was still able to 
significantly increase inositol phosphate levels in SPO cells, 
although to a lesser degree than 100 ng/ml Buserelin. This 
indicated a concentration-dependent effect [1 ng/ml Buse- 
relin, 4210 ± 380 cpm; 100 ng/ml Buserelin, 5970 ± 590 cpm; 
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Fig. 3. [Ca 2 *^ mobilization induced by Buserelin (100 ng/ml in 
chamber) in luteoma and SPO cells. Curves represent the average of 
five experiments (percent increase with respect to basal levels), and 
lines on top represent the se for each point. Basal levels are cited in 
the text. Buserelin was administered at 2 min. 
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TABLE 1. Areas (percentages) under the peak of intracellular 
calcium curves induced by different stimuli in dispersed luteoma 
and SPO cells from 2.05-3.05 min 





Control 


Buserelin 
(lOOng/ml) 


hCG 

(1 X 10- l2 M) 


Luteoma 
SPO 


63.6 ± 5.7 
71.3 ± 24.4 


52.6 ± 15.5° 
319.8 ± 35.1* e 


51.4 ± 13.3° 
233.3 ± 40° 



Multiple ANO VA for repeated measures indicates interaction P < 
0.01. For this and the next table, cells treated with different stimuli 
come from the same batch of cells. Number of experiments, 4. 

a Significantly different from SPO cells, P < 0.05 or less. 

* Significantly different from hCG in SPO cells, P < 0.05 or less. 

c Significantly different from control in each cell type, P < 0,05 or 
less. 
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Fig. 4. [Ca 2+ ] i mobilization induced by hCG (1 x 10~ 12 m) in luteoma 
and SPO cells. Curves represent the average of four experiments. hCG 
was administered at 2 min. 
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Fig. 5. [Ca 2+ Ji mobilization induced by thapsigargin (0.5 /im) in lu- 
teoma and SPO cells. Curves represent the average of six or seven 
experiments. Thapsigargin was administered at 2 min, 

n = 3; by one-way ANOVA of control, 1 ng/ml Buserelin, 
and 100 ng/ml Buserelin followed by Student-Newman- 
Keuls test 1 ng/ml Buserelin vs. 100 ng/ml Buserelin, P < 
0.05J. In contrast, in luteoma cells only NaF was able to 
significandy augment total inositol phosphate levels (P < 
0.05). The percent increase induced by NaF was significantly 
higher in SPO than in luteoma cells (SPO, 950 ± 132%; lu- 
teoma, 700 ± 106%; P < 0.05). When the effects of the dif- 




Fig. 6. Effect of 30-min stimulation with Buserelin (Bus; 100 ng/ml) 
and NaF (10 mM) on total inositol phosphates (counts per min/1 x 
10~ 3 ) in luteoma and SPO cells in primary culture. Cells were labeled 
with 4 jtiCi [ 3 H] inositol and preincubated with LiCl (20 mM). Results 
represent the average of five experiments. Multiple ANOVA of re- 
peated measures indicates a significant interaction (P < 0.01). For 
this and the following figures, the asterisk indicates a significant 
difference between cell types for a given stimulus, a, Significantly 
different from control levels in SPO cells, b, significantly different 
from control levels in luteoma cells. In all cases, P < 0.05 or less. 



ferent stimuli were analyzed on separate inositol phosphates 
(InsP, InsPj, and InsP 3 ) formed from the hydrolysis of phos- 
phatidylinositols in both kinds of cells, it was observed that 
in SPO cells both Buserelin and NaF significantly stimulated 
the increase of all three inositol phosphates (Fig. 7). Again, 
a concentration-dependent response to Buserelin (1 and 100 
ng/ml) was observed in InsP, InsPi, and InsP 3 in control cells 
(not shown), like that observed in total inositol phosphates. 
In luteoma cells, NaF significantly affected the three inositol 
phosphates analyzed, whereas Buserelin had no significant 
effect on any of mem. Interestingly, for Buserelin the highest 
percent increase over basal levels in the different inositol 
phosphates was noted in InsP 2 , whereas for NaF, which 
stimulated the G protein directly, the maximal increase was 
observed in InsP 3 (Table 2). Moreover, the percent increase 
in InsP 3 induced by NaF in both cell kinds was very similar 
(Table 2). Although no significant differences in basal levels 
of total inositol phosphates, InsP, InsP 2 , or InsP 3 were ob- 
served between luteoma and SPO cells, intracellular free 
[ 3 H]inositol levels were significantly higher in SPO cells (Fig. 
8). This difference could not be accounted for by differences 
in [ 3 H]inositol incorporation (luteoma, 300346 ± 27,934 cpm; 
SPO, 349,742 ± 17,802 cpm; n = 3; P = NS), which was not 
significantly different between the groups, or by differences 
in cell number at the end of the experiments, as these varied 
maximally by 25% in favor of SPO, as assessed by DNA 
measurement in the pellets after cell lysis (not shown). After 
30-min incubation with the different stimuli, a significant 
decrease in free [ 3 H]inositol was only observed after Buse- 
relin treatment in SPO cells (Fig. 8). Decreases in free inositol 
in response to PLC-activating agents have been reported 
previously (21). It is interesting to note that NaF, which 
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Fig. 7. Effects of Buserelin (Bus; 100 ng/ml) and NaF ( 10 idm) on InsP 
{upper panel), InsP 2 (middle panel), and InsP ? (lower panel) in lu- 
teoma and SPO cells in primary culture. Conditions were the same as 
those described in Fig. 6. Results represent the average of three 
experiments. Multiple ANOVA of repeated measures indicates a sig- 
nificant interaction (P < 0.01 or less) for each inositol phosphate. 



elicited the largest amount of inositol phosphates, did not 
alter free [ 3 H]inositol in either cell type. 

To determine whether the difference in basal free 
[ 3 H]inositol between the two cell types could be due to 
differential incorporation of this compound into the var- 
ious phosphatidylinositols in the plasma membranes, 
these were measured, as in previous works (22, 23), after 
extraction with methanol /chloroform of the membrane 



TABLE 2. Percent increase in InsP, InsP 2 , and InsP 3 with 
respect to control levels (100%) in cultured luteoma and SPO cells 
after a 30-min incubation with different stimuli 





InsP 


(%) 


InsP 


2 <%) 


InsP 3 


(%) 


SPO 














Buserelin 


489 ± 


7 go.6 


736 ± 


118°* 6 


537 ± 


56°' fr 


NaF 


862 ± 


81°** 


638 ± 


90* 


1037 ± 


78* 


Luteoma 














r> 


165 ± 


15 


227 ± 


25 


205 ± 


29 


NaF 


528 ± 


39* 


625 ± 


159° 


925 ± 


89* 



Data were analyzed by multiple ANOVA for repeated measures for 
each inositol phosphate. 

a Levels significantly different from luteoma cells, P < 0.05 or less. 

b Significantly different from control in each cell type, P < 0.05 or 
less. 
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FlG. 8. Free [ 3 HJ inositol levels in luteoma and SPO cells. Experi- 
mental procedures are detailed in Figs. 6 and 7. Results represent the 
average of five experiments. Multiple ANOVA of repeated measures 
indicates a significant interaction (P < 0.01). 

pellet by TLC. A representative experiment shows that the 
incorporation of [ 3 H] inositol into PI was specifically aug- 
mented in luteoma cells with respect to that in SPO cells 
(luteoma, 35.1 ± 1.1%; SPO, 21.9 ± 1.0% of radioactivity 
incorporated into membrane lipids; P < 0.05). This 60% 
increase in [ 3 H]inositol incorporated into PI could be the 
explanation for the low levels of free inositol observed in 
luteoma cells. 

Discussion 

In previous works we had established the participation of 
GnRH in the control of the endocrine function of these ex- 
perimental luteoma, indicating a direct effect on the tumor 
in addition to its effect through gonadotropin modulation (4, 
5). Luteoma cells were more sensitive to the GnRH-induced 
inhibition of progesterone elicited by a LH stimulus than 
control luteal cells under those experimental conditions. This 
difference prompted us to study the receptors and mecha- 
nisms of action of the decapeptide in more detail in luteoma 
and control luteal tissue. 

GnRH receptors have been described in ovarian tissue (7, 
9, 16), and we had already determined their presence in 
experimental luteoma (5). Significant differences in receptor 



Malerial noay be protected.by copyright law (Title 17, U.S. Code) 



3578 



GnRH SECOND MESSENGERS IN AN EXPERIMENTAL OVARIAN TUMOR 



Endo i 
Vol 140 ■ 



11)99 
Nog 



number, although not in K d values, were observed among 
the tested tissues. Ovarian GnRH receptor number was sig- 
nificantly greater in prepubertal animals than in prepubertal 
superovulated animals subjected to gonadotropin stimula- 
tion. This is in agreement with previous results (16, 17) and 
parallels the observations in the pituitary, where receptors 
have been described to be maximal previous to puberty onset 
(18, 24). Furthermore, receptor number was significantly 
higher in luteoma tissue than in ovaries from PMSG-hCG- 
treated prepubertal rats, although both were under the in- 
fluence of very high gonadotropin levels. This difference in 
receptor number could justify a higher sensitivity of luteoma 
cells to GnRH action. It is important to take into account that 
GnRH receptor number per mg tissue docs not increase 
when an estrous ovary turns into a luteoma (5). In these 
ovarian tumors, receptor levels are maintained even in the 
presence of very high gonadotropin levels, marking a dif- 
ference from control ovaries from prepubertal rats, in which 
receptors abruptly fall after PMSG-hCG treatment. 

Subsequently, the effect of GnRH on the increase in clas- 
sical second messengers elicited by this peptide, inositol 
phosphates, and calcium (14, 15, 25) was analyzed to estab- 
lish whether the increase in receptor number was coupled to 
an increase in second messenger response. Buserelin, in a 
dose that was maximal to exert its endocrine action, induced 
a typical calcium response in control SPO cells, in agreement 
with results from other laboratories (26-28). Surprisingly, no 
response was observed in tumor cells. Furthermore, a max- 
imal hCG stimulus was also able to induce a calcium tran- 
sient in SPO cells, although of lower intensity than that 
induced by Buserelin. The effect of LH (hCG) on calcium 
mobilization is controversial. Although the classical mech- 
anism of action of LH implies stimulation of adenylate cy- 
clase and cAMP production (15), the regulation of steroido- 
genesis by LH may be exerted through the stimulation of 
multiple pathways. The activation of PLC and intracellular 
Calcium increases have been involved in the action of go- 
nadotropins in the ovary in several species, including the 
mouse, swine, hen, and cow (29-32). In other species, such 
as sheep and rats, LH did not induce calcium transients in the 
ovary (21, 33, 34), although increases in InsP 3 formation after 
LH treatment were observed in these species (35, 36). In our 
experimental conditions, hCG induced significant calcium 
increases in rat SPO cells in a variety of concentrations (1 X 
10" 12 to 1 x 10~ 9 m; not shown). Again, no effect on intra- 
cellular calcium was observed in tumor cells under hCG 
stimulation. As shown above, we were unable to induce any 
calcium transients in luteoma cells with the stimuli tested. To 
evaluate the possibility that luteoma cells were unresponsive 
to GnRH or hCG but were still able to respond to other 
calcium-inducing agents, cells were tested in the presence of 
thapsigargin. Thapsigargin is a specific inhibitor of the en- 
doplasmic reticulum calcium-adenosine triphosphatase (37) 
and therefore induces increases in cytosolic calcium due to 
calcium leakage, a mechanism independent of PLC activa- 
tion. This drug has been shown to induce calcium release in 
rat ovarian cells (27, 38). In our case, both kinds of cells 
responded to 0.5 /am thapsigargin with calcium increases, 
although calcium levels attained in luteoma cells were sig- 
nificantly higher than those in SPO cells. It is interesting to 



note that although the thapsigargin-sensitive calcium stores 
in luteoma cells were augmented with respect to those in 
control cells, they were insensitive to GnRH stimulation. This 
resistance to increase intracellular calcium levels might be an 
adaptation of the luteoma cells to maintain low calcium 
levels, as increases in intracellular calcium, elicited by GnRH 
or PGF 2o , have been proposed to induce cell death in ovarian 
tissue (39-41), which would hinder tumor growth. The use 
of other pharmacological agents acting on calcium metabo- 
lism will allow us to determine whether the impairment of 
calcium release after specific stimulation is a generalized 
phenomenon in these cells. 

The failure of luteoma cells to respond to GnRH with a 
calcium transient is not an isolated observation, as it is in 
agreement with our results in phospholipid hydrolysis. Al- 
though both cell types had similar basal levels of inositol 
phosphates, the GnRH agonist and NaF induced significant 
increases in inositol phosphates in SPO cells, but only NaF 
did so in tumor cells. NaF is an activator of G proteins 
coupled to PLC by substituting for endogenous guanosine 
triphosphate (42). Therefore, the activation of phospholipid 
hydrolysis induced by this agent in luteoma cells implies that 
PLC is active. Moreover, when expressed as a percentage of 
control levels, the amount of InsP-* formed was identical in 
luteoma and SPO cells under NaF stimulation. The lack of a 
significant amount of InsP 3 formation in response to Buse- 
relin in luteoma cells correlates with the lack of calcium 
mobilization observed in these cells under this stimulus. In 
control SPO cells, Buserelin induced a concentration-depen- 
dent increase in all three inositol phosphates, as expected 
because calcium was also released by this treatment. 

Taken together, these results suggest an uncoupling of 
GnRH and LH membrane receptors from PLC in luteoma 
cells, as evidenced by the lack of either calcium or inositol 
phosphate (or both) responses. This implies that the inhibi- 
tion exerted by GnRH on LH-induced progesterone secretion 
in these cells, observed in former studies (4, 5), is probably 
not mediated by the classical GnRH activation of PLC as has 
been suggested for control luteal cells (14, 15, 21, 25, 26, 41). 
Alternative mechanisms for GnRH action in the ovary have 
been proposed. In addition to the generation of the calcium- 
mobilizing inositol phosphate(s) and protein kinase C (PKC) 
activator DAG, GnRH has also been reported to cause ac- 
cumulation of arachidonic acid in ovarian cells (43-45) 
through PLC or PLA 2 stimulation (43, 46). It has also been 
suggested that PLA 2 -induced increases in arachidonic acid 
may increase progesterone levels (47); on the other hand, an 
increase in PLA 2 activity caused a loss in progesterone se- 
cretion in late pregnancy (45). GnRH activation of phospho- 
lipase D, with a resultant increase in phosphatide acid, has 
also been described (48). Among other effects, phosphatidic 
acid can be converted into DAG without a concomitant in- 
crease in InsP 3 , and DAG has been implicated in PKC acti- 
vation (49), which, in turn, is postulated to be responsible for 
the inhibition of LH-induced progesterone secretion (13). 
Several examples from the literature show that a receptor can 
be uncoupled from one second messenger-generating system 
while still being active on another. Davis (42) showed that 
although the phorbol ester 12-O-tetraphorbol 12-myristate 
13-acetate, an activator of PKC, inhibited the actions of LH 
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receptor stimulation on phospholipid turnover, it was with- 
out effect on receptor-induced activation of cAMP and pro- 
gesterone accumulation in bovine luteal cells. Another ex- 
. ample was presented by McCann and Flint (50), who showed 
that treatment of sheep luteal tissue with pertussis toxin 
inhibited PGF 2q action on PLC, whereas the inhibitory effect 
of PGF 2tt on LH-stimulated adenylate cyclase was conserved. 
Therefore, it is possible that although GnRH receptors might 
be uncoupled from PLC in luteoma cells, they might still be 
coupled to other second messenger-generating systems, such 
as PLA 2 or phospholipase D, to produce their antigonado- 
tropic effects. Further studies will be needed to determine 
which pathway(s) is involved. 

Although [ 3 H]inositol incorporation was similar in both cell 
types, a highly significant difference in free [ 3 H]inositol levels 
was observed. These levels were approximately 10 times higher 
in SPO cells than in luteoma cells, marking an interesting al- 
teration in inositol metabolism in tumor cells. A representative 
experiment shows an important increase in membrane phos- 
phatidylinositol in luteoma cells compared with that in control 
luteal cells, which could explain this difference. Unusual me- 
tabolism of phosphoinositides in tumor cells has been reported 
previously, as in MA-10 Leydig tumor cells (22, 23). The par- 
ticular metabolism of phosphoinositides in luteoma cells will be 
the subject of future research. 

In summary, our data show that luteoma cells, which 
develop under high constant gonadotropin stimulation, pos- 
sess GnRH receptors that are not down-regulated in this 
particular endocrine milieu. Furthermore, they are uncou- 
pled from their classic second messenger-generating system, 
PLC. Metabolism of inositol into phospholipids is also no- 
tably altered in luteoma cells. These data provide evidence 
that the transformation of the ovary into a luteoma implies 
the acquisition of novel characteristics in the GnRH receptor 
second messenger-generating system. 
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Abstract D-3-Azido-3-deoxy-myo-inositol (3AMI) is an 
inhibitor of the growth of v-.»> transformed NIH 3T3 
cells but not of wild-type NIH 3T3 cells, whose effects 
may be mediated through the phosphatidylinositol-3 '-ki- 
nase pathway. We studied some properties of the cellular 
pharmacology of 3AMI using high-specific-activity [ 3 HJ- 
3AML The uptake of [*H]-3AM1 by wild-type NIH 3T3 
and v-jm NTH 3T3 cells was similar. PHJ-3AM1 was a 
substrate for phosphatidylinositol synthetase, with the 
maximal velocity (V ma x) being 1.0 nmol rnin~» mg- 1 and 
the Michaelis constant (K m ) being 23 mAf Corresponding 
values obtained for PHJ-myo-inositol as a substrate were 
5.5 nmol rnin-i mg-i and 3.2 mM. pH]-3AMi was 
incorporated into the cellular inositol lipids of v-sis NIH 
3T3 cells to a similar extent as that observed for [ 3 H|-myo- 
inositol but was not incorporated into the inositol lipids of 
wild-type NIH 3T3 cells. The f 3 H]-3AMl incorporated by 
the v-5w NIH 3T3 cells was present in the phosphatidyli- 
nositol and phosphatidylinositol phosphate fractions but not 
in bisphosphorylated phosphatidylinositol. mvo-Inositol 
antagonized the growth-inhibitory effects of 3AMI. The 
v-sis NIH 3T3 cells were found to be more sensitive than 
the wild-type NIH 3T3 cells to growth inhibition (without 
3AMI) caused by the removal of myoinositol from the 
medium. The results of the study suggest that 3 AMI is an 
antimetabolite of myoinositol. The relative sensitivity of 
v-sis NIH 3T3 and some other cells to 3AMI may be a 
reflection of increased myoinositol requirements for the 
growth of these cells as compared with wild-type NIH 3T3 
cells^/ 
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Abbreviations 3 AMI, n-3-azido-3-deoxy-myoinositol; 
3AmMI, D-3-amino-3-deoxy-myo-inositol; PIPLC, phos- 
phoinositide-selective phospholipase C; PtdIns(4,5)P2, 
phosphatidylinositol(4,5)bisphosphate; Ins(l A5)P3, my°- 
inositol(l,4,5)trisphosphate; Ins(l,3,4,5)P4, myoinosi- 
tol(l,3,4 ? 5)tetrakisphosphate; PKC, protein kinase C; 
Ptdlns3 K, phosphatidylinositol-3 '-kinase; PDGF, platelet- 
derived growth factor; EGF, epidermal growth factor; CDP- 
diglyceride, cytidine dipalmitoyl diphosphodiglyceride; 
DMEM, Dulbecco's modified Eagle's medium; PBS, Dul- 
becco's phosphate-buffered saline; HCS, heat-inactivated 
calf serum; ICso, concentration required to cause 50% 
inhibition; Ptdlns synthetase; phosphatidylinositol synthe- 
tase; DAG, diacylglycerol 



Introduction 

The cyclohexitol sugar myoinositol occupies a key position 
in intracellular signaling pathways that mediate the effects 
of growth factors and mitogens on cell proliferation. 
Mitogenic peptides such as bombesin and vasopressin 
bind to cell-surface receptors [35, 41 J and activate a 
guanine nucleoti de-binding, (G) protein-regulated, phos- 
phoinositide-selective phospholipase C (PIPLC-p) [45], 
causing the hydrolysis of phosphatidylinositol (4, 5)-bi- 
sphosphate [Ptdlns(4,5)P2] to inositol (l,4,5)trisphosphate 
[Ins(l,4,5)P 3 ] and diacylglycerol (DAG) [6, 10, 24]. 
Growth-factor-receptor protein tyrosine kinases activate 
another PIPLC, PIPLC-y, that also hydrolyzes 
PtdIns(4,5)P2 [27]. Ins(l,4,5)P3 releases Ca 2+ from non 
mitochondrial intracellular stores, causing an increase in 
the. cytosolic free Ca 2+ concentration ([Ca 2+ li), whereas 
DAG activates a Ca 2+ - and phospholipid-dependent pro- 
tein kinase C (PKC) [5, 36]. A subsequent series of events, 
probably involving phosphorylation of nuclear transcription 
factors by PKC, results in increased DNA synthesis [7J. 
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Ins(l,4,5)P3 can undergo further metabolism by inositol- 
3-kinase to give inositol(i,3A5)tetrakisphosphate 
flns(l,3,4,5)P4] f20J. The role of lns(l,3,4,5) in Qa?+ 
signaling remains controversial [29, 38, 44], but it may 
modulate Ca 2+ mobilization by (1,4,5)P3 [17] and facilitate 
the refilling of internal Ca 2+ stores by external Ca 2+ [20, 
21], thus pennitting the continued release of Ca 2+ by 
Ins(l,4,5)P 3 . 

A second wy^- inositol signaling pathway involves 
phosphorylation of the D-3 position of the wyo-inosito] 
ring of phosphatidylinositols (PtdJns) by phosphatidyl- 
inositol 3 '-kinase (type 1 phosphatidylinositol kinase, 
Ptdlns3K). Ptdlns3K is phosphorylated by and associates 
with a number of growth-factor- receptor protein tyrosine 
kinases, including the platelet-derived growth factor 
(PDGF) receptor and the epidermal growth factor (EGF) 
receptor [4, 23] as well as oncogene protein tyrosine 
kinases [9, 16]. The Ptdlns-3-phosphates formed are not 
substrates for hydrolysis by known PIPLCs and, thus, do 
not contribute to the inositol phosphate signaling pathway 
[42]. Evidence for the importance of PtdIns3K in mitogen- 
esis comes from situations in which mutated tyrosine 
kinases fail to associate with and activate PtdTns3K. 
Polyoma middle-T mutants that associate with and activate 
pp60 c src tyrosine kinase but fail to activate PtdIns3K are 
nontransforming [23, 48 1. Cells transfec ted with mutated 
PDGF receptors that retain protein tyrosine kinase activity 
but do not associate with or activate PtdIns3K fail to show a 
mitogenic response to PDGF, unlike cells transfected with 
the wild-type PDGF receptor [12]. The function of Ptdtns- 
3-phosphates in mitogenesis is not known but they may be 
involved in cytoskeletal reorganization [14]. 

On the basis of the evidence that phosphorylation at the 
D-3 position of wyo-inositol is important for intracellular 
signaling by mitogens and, perhaps, for cell transformation, 
we synthesized a series of D-3-deoxy~3-substituted myo- 
inositol analogues that inhibited the proliferation of wild- 
type and transformed NIH 3T3 cells in culture [25, 26, 39J. 
The most active of these analogues was 3AMI. We have 
now synthesized high-specific-activity [ 3 H]-3AMI and 
report on its cellular pharmacology. 



Materials and methods 

Compounds 

3AM1 was synthesized as previously described [39]. PHJ-3AMI was 
synthesized according to the procedure described by Ko/Jkowski ct at. 
[25] and had a specific activity of 6 Ci/mmol. [2- 3 Hj-mw Inositol 
(specific activity, 20 Ci/mmol) and l 14 C-(U)]-glucose-6^phosphate 
(specific activity, 300 mCi/mmol) were purchased from American 
Radiolabeled Chemicals, Inc. (St. Louis, Mo.)- [ 3 H|-Ptdlns. PH}- 
PtdIns(4)P and PH]-PtdIns(4.5)P 2 standards for chromatography 
were purchased from Amersham Radiochemicals (Downers Grove, 
III). Cytidine dipalmitoyl diphosphodigylceride (CDP-diglyceride) 
was purchased from Sedary Research Laboratories (London, Ontario, 
Canada). myoinositol, arg^-vasopresstn. and bradykinin were pur- 
chased from Sigma Chemical Co. (St. Louis, Mo.). PDGF (P-chain 
homodimer) was obtained from Bachem Inc. (Torrance, Calif.) and 
aequorin was supplied by Friday Harbor Laboratories (Friday Harbor, 



Wash.). Both Dulbecco's modified Eagle's medium (DMEM) contain- 
ing 40 \iM myoinositol and myoinositol-frce DMEM were purchased 
from Grand Island Biological Co. (Grand Island, N.Y.). 



Cell lines 

Wild-type mouse NIH 3T3 cells were obtained from the American 
Type Culture Collection (Rockville, Md.). v-sis NIH 3T3 cells and 
\-erh B NIH 3T3 cells [32] were provided by Dr. D. S. Aaronson 
(National Cancer Institute, Bethesda, Md.), and mas NIH 3T3 cells 
[49] were provided by Dr. D. Young (Cold Spring Harbor Lab^m^rv 
Cold Spring Harbor, N.Y.). 



Cell-growth assays 

Cells were maintained in bulk culture in DMEM supplemented with 
10% heat-inactivated calf serum (HCS) and were passaged using 
0.05% trypsin and 0.5 mM ethylenediaminetetraacetic acid (EDTA). 
Cell-growth assays were performed by plating 5 x 10^ cells in 1.6-cm- 
diameter culture wells in 0.5 ml DMEM with 10% HCS and allowing 
the cells to attach to the culture surface for 24 h. The medium was 
removed and the cells were washed first with Dulbecco's phosphate- 
buffered saline (PBS) and then with DMEM with or without myo- 
inositol, as appropriate; finally, DMEM with or without myoinositol 
and containing 10% dialyzed HCS as well as the myoinositol 
analogues was added. After 3 days, attached cells were harvested 
with 0.05% trypsin and 0.5 mM EDTA and then counted using an 
automated cell counter (Coulter. Hialea. Fla.). The mean concentration 
of myoinositol analogue required to cause 50% growth inhibition in 
treated cells as compared with nontreated cells (IC50) was calculated 
from nonlinear least-squares regression analysis of the cell-prolifera- 
tion concentration data [3]. The time course of the inhibition of cell 
growth was measured by plating 103-104 ce Ji s m L6-cm-diameter 
culture wells in DMEM with or without myoinositol and containing 
10% dialyzed HCS with or without 100 \\M 3AMI. Cells were 
harvested and counted every day for 7 days. At day 3, free-floating 
cells in the medium were collected, washed three times with DMEM, 
and replated in DMEM (with myoinositol) and 10% dialyzed HCS. 
Cells were measured every day for an additional 4 days. All incuba- 
tions were conducted in quadruplicate. 



Biochemical measurements 

The uptake of PH]-myoinositoI and PH]-3AMI by wild-type NIH 3T3 
and \-sis NIH 3T3 cells over 2 h was measured as previously described 
[31]. The phosphatidylinositol synthetase (Ptdlns synthetase)-catalyzed 
incorporation of myoinositol, 3 AMI, D-3-deoxy-3-fluoro-mvoinositol, 
and D-3-deoxy-3-amino-m>'oinositol (3AmMI) into Ptdlns was mea- 
sured as described by Moyer et al. [33] using partly purified rat-brain 
Ptdlns synthetase [40J. The incorporation of PH]-myoinositoI and 
[ 3 H]-3AM1 into cellular phospholipids was measured by growing 
5 x 105 wild-type NIH 3T3 or v-sis NIH 3T3 cells in 60-mm diameter 
culture dishes in myoinositoi-frec DMEM and 10% dialyzed HCS 
together with 1 nCi r: <0.17 ^M) pH]-myoinositol/ml or 1 iiCi PHJ- 
3AMI/ml for 48 h. The cells were harvested with 0.05% trypsin and 
0.5 mM EDTA and extracted with chloroform:methanol:HCl (80:40:1, 
by vol.). The organic layer was removed and dried under N2 and the 
residue was dissolved in 100 |xl chloroform. An aliquot of the 
chloroform solution was counted by liquid scintillation and the 
remainder was applied to a silica-gel thin-layer chromatography 
(TLC) plate (Whatman LK6D. Maidstone, UK), which was developed 
using a solvent system of chloroform:methanoI:H20:ammonium hy- 
droxide (50:50:10:5, by vol.). The radioactivity on the plates was 
measured using a radio-TLC scanner (Mode! RS, Packard Instruments. 
Downers Grove, 111.) and compared with standards of [ 3 H]-Ptdlns, 
PHJ-PtdIns(4)R and pH] -PtdIns(4,5)P 2 run under the same conditions. 
The formation of [ 3 H]-myoinositoI phosphates was measured in wild- 
type NIH 3T3 cells and v-sis NIH 3T3 cells grown with 1 p.Ci 
(0.17 nA/) pH]-myoinositoI/ml nr 1 M Ci PH]-3AMI/ml for 48 h as 
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described above. The cells were washed four limes with /nyo-inositol- 
free DMEM, incubated in 2 ml myo-inositol-free DMEM containing 
15 mAf LiCl for 10 min at 37 S C, and then stimulated with 3.3 x 10~ 9 M 
PDGF for 10 min at 37 °C. The incubation was terminated by the 
addition of 2 ml 10% perchloric acid at 4 °C. myoinositol phosphates 
(i.e., myoinositol mono-, bis-, and trisphosphates) were isolated by 
anion-exchange chromatography as previously described [1]. 

The de novo synthesis of myoinositol by wild-type NIH 3T3 cells 
and v-sis transformed NIH 3T3 cells was measured by a modification 
of the method of Li et al. [28] as the conversion of [* 4 C]-glucose-6- 
nhosphate to f^CJ-wyoinositol-l -phosphate by myoinositol- 1 -phos- 
phate synthase, which is the rate-limiting siep in myoinositol biosyn- 
thesis f 15]. Briefly, saponin-permeabilized cells were incubated for up 
to 1 h at 37 °C with 12 pA/ [i<*C]-glucose-6-phosphatc, 0.8 mM 
nicotinamide adenine dinucleotide (NAD+), and 5 mA* LiCl. [ 14 C]- 
Glucose-fVphosphate and PO-myoinositol-l -phosphate were sepa- 
rated by high-performance liquid chromatography (HPLC) using a 25- 
cm, 7-(im, mixed-mode RP- 1 8/anion-cxchangc column (Alltech As- 
sociates, Deerfield, 111.) and 20 mM (NH4)H?.P04 as the cluant, run at a 
flow rate of 1 ml/min and detected with a radioactive flow detector 
(Flo-One Beta, Packard Instruments, Downers Grove, 111.). The 
retention times found for [i 4 C]-myoinositoI-l -phosphate and [ 14 C]- 
glucose-6-phosphate with this HPLC system were 9.8 and 1 1.1 min, 
respectively. The limit of detection of the assay under the conditions 
employed was calculated to he 6 pmol myoinositol- l-phosphate 
formed per 10 6 cells per hour. 

Changes in intracellular free Ca^+ concentration (lCa 2+ ]i) were 
measured using the Ca 2+ -sensitive photoprotein aequorin. Wild-type 
NIH 3T3 cells and v-sis NIH 3T3 cells were loaded with aequorin by a 
low-Ca 2+ centrifugation technique as previously described [37]. In all. 
I0 r> cells were plated in 35 -mm culture dishes containing 2 ml DMEM 
with 10% dialyzed HCS. After incubation overnight to allow the cells 
to attach to the surface of the culture dish, the medium was replaced 
with DMEM without HCS for 3 h. Some cells were grown for 2 days 
with 100 uAf 3AMI in myoinositol-free DMEM with 10% dialyzed 
HCS, loaded with aequorin. and then exposed to the same medium with 
100 \iM 3 AMI overnight prior to the measurement of [Ca 2+ ]u The 
culture dish was placed in a 37 °C thermostated holder over a 
photomultiplier tube, and the surface of the medium was flushed 
with a humidified atmosphere of 5% CO:: 95% air. Arg 8 -vasopressin 
(10- 7 Af) and bradykinin (2 x 10~ 7 Af) t were used to produce maximal 
increases in [Ca 2+ ]i. At the end of the study, the cells were lyscd with a 
solution of \% Triton X-100 and 5 mM CaCh and the total light signal 
was integrated. An estimate of [Ca 2+ ]i was obtained using the calibra- 
tion method for aequorin previously reported by Allen and Blinks [2]. 



Results 

Cell growth inhibition by myo-inositol deprivation and 
3AMI 

The growth of wild-type NIH 3T3 cells was unaffected by 
3AMI concentrations of up to 33 mM (the highest concen- 
tration tested), with or without myo-inositol in the medium. 
In contrast, 3AMI inhibited the growth of v-sis NIH 3T3 
cells with an IC50 of 53 fiAf without myo-inositol in the 
medium. The results confirm our previous observation that 
in the absence of myo-inositol, v-sis NIH 3T3 cells are 
extremely sensitive to growth inhibition by 3~deoxy-3- 
substituted myo-inositols as compared with a wild-type 
NIH 3T3 cell line [39]. We therefore used the two cell 
lines to compare the cellular pharmacology of 3AMI. myo- 
inositol reversed the growth-inhibitory effects of 3AMI on 
v-sis NIH 3T3 cells with an ICso for myo-inositol of 2 \iM. 



The time course of the growth inhibition of NIH 3T3 
cells and v-sis NIH 3T3 cells by 3AMI is shown in Fig. 1 
and is compared with the effects of myo-inositol deprivation 
on cell growth. The growth curve generated for wild-type 
NIH 3T3 cells without myo-inositol in the medium (Fig. 1 A) 
was the same as that generated for wild-type cells in 
medium containing 40 \iM myo-inositol (results not 
shown), demonstrating that myo-inositol is not necessary 
for the growth of these cells over the period studied. In 
contrast, the growth of v-sis NIH 3T3 cells required myo- 
inositol in the medium. Without myo-inositol, the number 
of attached cells began to decline slowly after 3 days. 
About 50% of the total v-sis NIH 3T3 cells that detached 
in myo-inositol free medium could be collected at day 3. 
and when replated in mvo-inositol-containing medium they 
proceeded to grow normally. The growth of wild-type NIH 
3T3 cells over 7 days was not inhibited by 100 \iM 3AM I, 
either in the absence of myo-inositol (Fig. 1A) or in its 
presence (results not shown), hi the presence of 100 \iM 
3AMI, the number of attached v-sis NIH 3T3 cells declined 
drastically after only 2 days (Fig. IB). Less than 10% of the 
detached cells could be collected from the medium at day 3. 
However, when these cells were replated in 3 A MI- free 
medium with myo-inositol they grew at a normal rate. 



Fig. 1 A, B Cell-growth inhibition caused by myo inositol deprivation 
and by 3AMI. A Approximately 10- wild-type NIH 3T3 cells (O) or 
v-sis NIH 3T3 cells (•) were grown in mye-inositol-free DMEM and 
10% dialyzed HCS. Adherent cells were counted every day. At day 3 
the floating v-sis NIH 3T3 cells were collected and replated in the 
same medium containing 40 \iM myoinositol (V). B Approximately 
10 4 wild-type NIH 3T3 cells (O) or v-sis NIH 3T3 cells ( ) were 
grown in myp-inositol-free DMEM containing 100 ^A/ 3 AMI and 10% 
dialyzed HCS. Adherent cells were counted every 3 days. At day 3 the 
floating v-sis NIH 3T3 cells were collected, washed, and replated in 
same medium without 3 AMI and with 40 \LAf myoinositol (V). More 
cells were plated in B than in A so as to obtain sufficient floating cells 
to replate. Each point represents the mean value for triplicate 
determinations 
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Table 1. Effect of UCI on 
the cytotoxicity of D-3-substi- 
tuted-3-deoxy myoinositol 
analogues 



Without myoinositol 



With myoinositol 



3AMJ 
3AMI + 5 mAf LiCi 
3AmMI 

3AmMI + 5 mAf LiCl 



NIH 3T3 
ICso (mAf) 

NT 
ND 
0.13±0.0! 
0.10 ±0.02 



v-j« NIH 3T3 
IC50 (mM) 

0.0810.01 
0.11+0.00 
2.29 + 0.25 
0.9610.11* 



NIH 3T3 
IC50 (mM) 

NT 
ND 

4.5410.77 
5.9111.07 



Ccll growth was measured as described Materials and methods usin* 
~> iwvi j^jui, a ujncciiuauon that caused - ,rww 



v-ju NIH 3T3 
IC5o(mAf) 

NT 
NT 

3.00+0.30 
3.1810.30 



- i rwv_ .i • i_ . . 

■JAM! or 3AmMI in vanous combinations with or wilhout mw-inositol 
in the medium. Data represent ICso values (±SD) 
NT. Not toxic « 10% inhibition of cell growth at 10 mM. the highest 
concentration tested); ND. not determined 8 
* / > <0.05 versus the value obtained without LiCl 

For further exploration of the relationship between the cell- 
growth inhibition produced by myoinositol deprivation and 
by 3AMI, other NIH 3T3 cell lines were studied We had 
previously observed that v-erb B NIH 3T3 cells were 
relauvely resistant to 3 AMI (ICso, 29 mM), whereas mas 
NIH 3T3 cells were more sensitive (ICso, 5 mM) [391 
These cells were studied for their myoinositol requirement 
rhe growth of v-erb B cells was not affected bv the absence 
of myoinositol in the medium for 7 days, 'whereas the 
growth of mas NIH 3T3 cells was inhibited by 57% (results 
not shown). Taken together, the results of these studies 
suggest that the effects of 3AMI in inhibiting cell growth 
are functionally like those of myoinositol deprivation 



Synthesis of myoinositol 

Attempts were made to measure rates of ["q-myoinositol- 
1-phosphate synthesis from ["C]-glucosc-6- P hosphate in 

Nm n , 1 Tf r T, eab i ,iZed Wild " type NIH 373 cel,s and v-sis 
NIH 3T3 cells. However, we could not detect ["»C]-mvo 
inositol-l-phosphate synthesis by either cell line The 
calculated limit of delegability for ["CJ-myoinositol-l- 
phosphate synthesis in our assay was 6 pmol 10-6 ce j] s n -i 
This is well below the levels of myoinoskol-1 -phosphate 
biosynthesis (100 pmol/106 cells per 20 min) reported for 
retinal capillary pericytes using the same procedure (28]. 

Effects of LiCl on cell-growth inhibition 

2ST ^uST 1 dCteCl m ^- in <*itol biosynthesis by 
wHd-type NIH 3T3 cells or v-™ NIH 3T3 cells, we studied 
Ac possibility that salvage or reutilization of myoinositol 
formed from Ptdlns would allow wild-type NIH 3T3 celk 
but not v-sis NTH 3T3 cells to grow in the absence of myo- 
inositol. To do this we studied the effects of LiCl an 
inhibitor of myoinositol phosphate phosphatases [34]' on 
toe cell-growth inhibition induced by 3AMI and by another 
3-subsutu^ted mvo-inositol, 3AmMI. We found no difference 

M 6 , J£ 0 ValUeS (± SD) inhibited *e growth of 
wild-type NTH 3T3 cells <IC* 22.0 ± 2.1 J withoui 
myoinositol m the medium; 20.0 ± 5.3 mM with myo- 



inositol) or v-rif NIH 3T3 cells (ICso. 19.1 ± 3? ^ 
without myoinositol; 25.0 ± 4.7 mM with myoinositol) A 
concentration of LiCl that caused less than 10% growth 
inhibition, 5 mM, was chosen for combination with the 
7r^° S f} anal0 ^- growth inhibition induced by 

Ktt^w ^ in Cither Wild - type NIH 3X3 ce,ls "■ v-^ 
NIH 3T3 cells was unaffected by this concentration of LiCl 
with or without //ryoinositol, except for a small potentiation 

Nrif^? 8 n° Wth v Pr ° dUCed inhibition ^ 3AmMl v-«, 
j. ceIls wlthout »gw-inositol (Table 1). Overall the 
studies with LiCl do not support a role for myoinositol 
salvage as a factor in the myoinositol requirement for cell- 
growth or for differences in the growth inhibition induced 

y^mtyn^T betWee " WiJd " type MH 3X3 cel,s and 



Cellular uptake of myoinositol 

The uptake of |3 H ]-3AMI by wild-type NTH 3T3 cells 
exhibited a maximal rate (V ma *) of 2.6 nmol 10-* cell h-< 
and a Michaelis constant (K m ) of 0.42 mM. We have 
previously reported that 3AM1 is a competitive inhibitor 
or l^IJ-myomositol uptake by wild-type NIH 3T3 cells 
with us inhibition constant (K{) being 0.35 mM [39] The 
uptake of [^-myoinositol by wild-type NIH 3T3 cells had 
a V ma * of 2.8 nmol 10-* cell h- ' and a K m of 69 uM These 
values are similar to those previously reported for myo 
inositol uptake by NTH 3T3 cells [43]. Uptake of [3 H ]- 

10-Srf T 3X3 Cd,S CXhibited 3 V - ° f ** 

10 cell h- 1 and a K m of 0.35 mM, and the uptake of IWl- 

myoinositol showed a V™ of 2.3 nmol 10-* ceU h > and a 
Km of 53 \iM. 



Ptdlns synthetase 

^/■flLf [3H > 3AMI to act as a substrate for partly 
purified Ptdlns synthetase with CDP-diglyceride as an 
acceptor is shown in Fig. 2. The V ma , was 1.0 nmol 
mm-i mg-i and the K m , 23.0 mM. With PH]-myoinositoI 
as a substrate, the V max was 5.5 nmol min-' mg-. and the 
Am, 3.2 mM. The values obtained for myoinositol as the 
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Fig. 2 3 AMI and wivo-inositol as substrates for Ptdlns synthetase: 
Lineweaver-Burk plots of the incorporation of pH]-3AMI (O) and 
pH]-myo-inositol (•) into phospholipid when cells were incubated at 
various concentrations with rat-brain Ptdlns synthetase and CDP- 
diglyceride for 30 min at 37 °C 



substrate for Ptdlns synthetase are similar to those pre- 
viously reported [33]. We also studied the ability of some 
nonradiolabcled D-3-substituted 3-deoxy-myo-inositol ana- 
logues to act as inhibitors of Ptdlns synthetase with [ 3 H]- 
mvo-inositol serving as the substrate. The K\ values 
(together with the type of inhibition) were: D-3-fluoro- 
3-deoxy-mycHnositol, 37.2 mAf (competitive); 3AmMI, 
24.6 mAf (noncompetitive); and 3 AMI, 31.2 mAf (non- 
competitive). 



Ptdlns of fibroblasts [43]. PHJ-3AMI, which was poorly 
incorporated into Ptdlns by wild-type N1H 3T3 cells, had 
percentages of total radioactivity chromatographing with 
the standards as follows: Ptdlns, 50%; PtdIns(4)P, 32%; 
PtdIns(4,5)P2, 4%; and other peaks, 14%. In v-sis NIH 3T3 
cells the percentages were: Ptdlns, 91%; PtdIns(4)P, 8%; 
Ptdlns(4,5)P2, 0; and other peaks, 1%. Thus, it appears that 
although [ 3 H]-3AMI can be incorporated into Ptdlns and 
Ptdlns monophosphate by v-sis NIH 3T3 cells, it may not 
undergo further phosphorylation to Ptdlns bisphosphates. 
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Incorporation into cellular phospholipids 

The incorporation of [ 3 H]-myc>-inositol and [ 3 H]-3AMI into 
cellular phospholipids of wild-type and v-sis NIH 3T3 cells 
is shown in Table 2. Incorporation of [ 3 H J-myo-inositol into 
cellular phospholipids of wild-type NIH 3T3 cells was 
approximately twice that of v-sis NIH 3T3 cells. [ 3 H]- 
3AMI was incorporated into the cellular phospholipids of 
v-sis NIH 3T3 cells to a similar extent as that found for 
[ 3 H]-wy0-inositol but was hardly incorporated into wild- 
type NIH 3T3 cells. 

TLC analysis of the phospholipids is shown in Fig. 3. 
The majority of the radioactivity from [ 3 H]-my«-inositol 
chromatographed with Ptdlns and lesser amounts, with 
Ptdlns phosphates. The percentages of total radioactivity 
chromatographing with the standards in wild-type NIH 3T3 
cells were Ptdlns, 74%; PtdIns(4)R 5%; PtdIns(4,5)P 2 , 2%; 
and other peaks, 19%; those in v-sis NIH 3T3 cells were 
Ptdlns, 85%; PtdIns(4)P, 6%; PtdIns(4,5)P 2 , 3%; and other 
peaks, 6%. These values are similar to those reported by 
other workers for [ 3 H] -myoinositol incorporation into 
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Fig. 3 Incorporation of [ 3 HJ-m>'o-inositol and [ 3 H1-3AMI into phos- 
phatidylinositols (Ptdlns) of wild-type NIH 3T3 cells {NIH) and v-sis 
NIH 3T3 cells {v-sis). Cells were grown with 1 |xCi PHl-royo-inositol 
or [ 3 H]-3AMI in myo-inositol-free OMEM and \0% dialyzed HCS for 
48 h. Phospholipids were extracted from 2 x 10 s cells with chloro- 
form:methanol:HCl (80:40:1, by vol) and subjected to TLC on silica 
gel with a solvent system of chloroform:methanol:H20:ammonium 
hydroxide (50:50:10:5, by vol.). Radioactivity was quantified using a 
radio-TLC scanner. The position of standards are shown by the arrows 
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Table 2, Incorporation of 
3AMJ into phosphaudylinosi- 
tol and inositol phosphates of 
NTH 3T3 and v-sis NIH cells 



Compound 


Cell line 


PH]-Phospholipid 
(pmol/10 6 cells) 


[ 3 H]-Inositol phosphates 






Without PDGF 
(fmol/l 06 cells) 


With PDGF 
(fmol/l 06 C ells) 


myoinositol 


NIH 3T3 
v-sis NIH 3T3 


8.0010.36 
4.1510.21 


!98 157 
420 130 


581 1 10* 
560 1160 


3AMI 


. NIH 3T3 
v-sis NIH 3T3 


0.2910.02 
3.3310.06 


6.81 0.4 
6.31 4.0 


6.11 0.8 
6.2 ± 1.5 



Wild-type NIH 3T3 and v-sis NIH 3T3 ceiis were grown wiiii i \iC\ 
[ 3 HJ-AMI/ml or 1 uCi pHl-myo-inositol/ml for 2 days. The incorpo- 
ration of radioactivity into cellular phospholipids as well as the basal 
and (3.3 x 10 9 M) PDGF-stimulated inositol phosphate formation were 
measured. Data represent mean values for 3 separate determinations 
(1SE) 

* / > <0.01 versus the nonstimulated value 



Table 3. Effect of 3AMI on mitogen-stimulated [C<£+]\ responses by 
NIH 3T3 and v-sis NTH 3T3 cells 



Cell line Without 100 ilM 3AMI With 100 \xM 3AMI 



Vasopressin Bradykinin Vasopressin Bradykinin 
LCa2+]i (\lM) [Ca^]i (uJf) [Ca^l (\iM) [CV+Ji (uJVf) 



NIH3T3 0.5510.10 0.5610.04 0.5010.16 0.5810.06 
\-sis NIH 3T3 0.72 + 0.13 1.2010.15 0.37+0.30 1.3310.17 

Wild-type NIH 3T3 and v-sis NIH 3T3 cells were grown in myo- 
inositoi-frcc DMEM with 10% HCS, with or without 100 \iM 3AMI for 
3 days. At 24 h prior to the study, the cells were harvested, loaded with 
the Ca 2 ^-sensitive photoprotein aequorin, and allowed to reattach to the 
tissue-culture plates. Both control and drug-treated cells were exposed 
to the appropriate medium without HCS for 3 h prior to the addition of 
10- 7 M arg«-vasopressin and 2 x 10~ 7 M bradykinin. Data are 
expresssed as the maximal increase in [Ca 2+ ] and represent mean 
values for 3-5 determinations (1SE). The resting [Ca 2+ li in the cells 
was 0.1 \)M 



Formation of inositol phosphates 

The formation of [ 3 H] -myoinositol phosphates by wild- 
type NTH 3T3 cells and v-sis NIH 3T3 cells grown with 
[ 3 H]-myoinositoI or [3HJ-3AM1 is shown in Table 2. PDGF 
stimulated [3H]-inositol phosphate formation 2.9-fold in 
wild-type NIH 3T3 cells. The resting level of PH]-inositoI 
phosphate formation in v-sis NIH 3T3 cells was over 2-fold 
that of wild-type NIH 3T3 cells and there was only a small, 
nonsignificant stimulation of [ 3 H]-inositol phosphate for- 
mation by PDGF. The v-sis NIH 3T3 cells are known to 
produce an autocrine PDGF-like factor [18] and to have 
low levels of PDGF receptors [19]. The resting levels of 
[ 3 H]-inositol phosphate formation were very low in both 
wild-type NIH 3T3 cells and v-sis NIH 3T3 cells exposed 
to pH]-3AMI, being less than 5% of those found for PH]- 
myoinositol, and were not stimulated by PDGF. 



Ca^ signaling 

Wild-type NIH 3T3 ceils or v-sis NIH 3T3 cells grown in 
100 \iM 3AMI for 3 days showed no effect in terms of the 
peak Ca 2+ responses of the surviving cells to vasopressin 
and bradykinin (Table 3). 



Discussion 

We have previously reported that 3AMI is the most active 
of a series of growth-inhibitory D-3-substituted 3-deoxy- 
myoinositol analogues [26, 39]. 3AMI selectively inhibits 
the growth of v-sis transformed NIH 3T3 cells, showing 
over a 1000-fold increased potency in the absence of 
exogenous myoinositol for growth inhibition of v-sis NIH 
3T3 cells as compared with wild-type NIH 3T3 cells. 
Providing a mechanistic basis for this remarkable selectiv- 
ity was the reason for our study. To facilitate the investi- 
gation we synthesized high-specific-activity [ 3 H]-3AMI 
starting from the naturally occurring compound quebrachi- 
tol [25]. 

3AMI appears to be acting as a myoinositol antimeta- 
bolite in inhibiting cell -growth. The effect of 3 AMI on v-sis 
NIH 3T3 cell-growth was antagonized by myoinositol with 
an IC50 of 2 \xM. This is considerably lower than the 
concentration of myoinositol in serum, which is around 
40 jiAf [46 1. 'Microinjection or scrape-loading of mono- 
deoxyfluoro-myoinositols into cells has shown that only 
the 3-fluoro- and 5-fluoro isomers inhibit serum-stimulated 
cell proliferation [11]. It has been suggested that cells that 
do not require myoinositol for growth may be capable of 
synthesizing myoinositol de novo [47]. However, we could 
not detect myoinositol synthesis by either wild-type NIH 
3T3 cells or v-sis NIH 3T3 cells. We also considered the 
possibility that wild-type NIH 3T3 cells might have a more 
efficient salvage pathway than v-sis NIH 3T3 cells for the 
reutilization of myoinositol produced by the breakdown of 
Ptdlns [6J. We used LiCl to inhibit myoinositol phosphate 
phosphatases [34] but could not find any evidence of 
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differences in the salvage of myoinositol as a factor in the 
myoinositol requirement for growth between wild-type 
N1H 3T3 cells and v-sis NIH 3T3 cells. Despite our 
inability to demonstrate differences in myoinositol synthe- 
sis or myoinositol salvage between the cell types, the v-sis 
NIH 3T3 cells that showed the greatest sensitivity to 3AMI 
were also those that required myoinositol for growth. It 
therefore remains possible that v-sis NIH 3T3 cells are 
sensitive to 3AM1 because they have low levels of endo- 
genous myoinositol, whereas wiiu-iype Nil I 3T3 cells have 
higher levels of endogenous myoinositol, which counter- 
acts the effects of 3AM1 as a myoinositol antimetabolite. 

Studies using PHJ-3AMI showed that it was incorporat- 
ed into the cellular phospholipids of v-sis NIH 3T3 cells to 
about the same extent as was [ 3 H]-myoinosito1. However, 
wild-type NIH 3T3 cells incorporated [ 3 H]-3AMI to less 
than 5% of the extent of PH]-myoinositol incorporation. 
This difference could not be explained by the absence of an 
uptake mechanism for f 3 H]-3AMI in the wild-type NIH 
3T3 cells, which had a K m value about 10-fold that found 
for myoinositol, but was the same as that observed in v-sis 
NIH 3T3 cells, which incorporated | 3 H|-3AMl into cellular 
phospholipids. Additionally, the difference could not be 
explained by the inability of pH]-3AMI to act as a substrate 
for Ptdlns synthetase. This finding was important to 
establish because on the basis of work with 5-deoxy-5- 
substituted myoinositols, Moyer et al. [33] had suggested, 
that Ptdlns synthetase had strict structural requirements for 
myoinositols as substrates and, thus, it might not have 
tolerated 3-deoxy-3- substituted myoinositols. Johnson et al. 
[22] have reported that 3-modified myoinositols are sub- 
strates for Ptdlns synthetase. We found that the K m of 3 AMI 
for rat-brain Ptdlns synthetase was about 10-fold that of 
myoinositol. Unless mouse Ptdlns kinase has properties 
very different from those of the rat enzyme, the inability of 
3AMI to be incorporated into wild-type NIH 3T3 cell 
phospholipids is unlikely to lie at the level of Ptdlns 
synthetase. Another explanation, although one that we 
could not confirm (see above), is that wild-type NIH 3T3 
cells have sufficient myoinositol, produced through either 
synthesis or salvage, to compete with 3AMI for incorpora- 
tion into phospholipids. 

Although 3AMI was incorporated into the Ptdlns frac- 
tion of v-sis NIH 3T3 cells and could be phosphorylated to 
give Ptdlns monophosphate, the Ptdlns monophosphate was 
not further phosphorylated to Ptdlns bisphosphate. Cosulich 
et al. [11] have recently reported that [ 3 H]-3-deoxy-3- 
fluoro-myoinositol incorporated into the Ptdlns of electro- 
permeabilized thymoctyes also fails to form detectable 
Ptdlns bisphosphates. This may explain why there was no 
formation of inositol phosphates in v-sis NIH 3T3 cells 
labeled with PHJ-3AMI, either under resting conditions or 
on stimulation with PDGF. PDGF causes inositol phosphate 
formation through activation of PIPLC-y [27]. The major 
substrate for PIPLC is PtdIns(4,5)Pa» and Ptdlns monophos- 
phates do not appear to be substrates for PIPLC under 
physiological conditions [30], The inability of 3AMI to 
form Ptdlns phosphates that lead to the production of 
inositol phosphates is probably attributable to the observa- 



tion that the Ptdlns is not phosphorylated past the mono- 
phosphate stage and thus fails to give rise to Ptdlns 
phosphates that are substrates for PIPLC. 

In wild-type NIH 3T3 cells and v-sis NIH 3T3 cells 
grown with 3AMI for 3 days, there was no alteration in the 
[Ca 2+ ]i responses to bradykinin and vasopressin. Both 
agonists are thought to cause an increase in [Ca 2+ ]i due to 
inositol phosphate formation through activation of PIPLC 
[13. 35]. It might be expected that [Ca 2+ ]i signaling would 
be decreased in the v-sis NIH 3T3 cells since there was no 
formation of inositol phosphates. It is possible that the 
increase in |Ca 2f ]» caused by these agents is not due to the 
formation of inositol phosphates. There is evidence that 
bradykinin, at least, causes an increase in [Ca 2+ Ji through 
the release of arachidonic acid [8]. Alternatively, inositol 
phosphate production may not be affected by exposure of 
cells to 3AMI, despite its incorporation into Ptdlns. Another 
possibility is that the cells surviving a 3-day exposure to 
3AMI may be those that have unaffected inositol phosphate 
production and, thus, normal Ca 2+ signaling. The majority 
of the cells were lost by this period of 3AMI treatment and 
could not be studied for their [Ca 2 response. 

The mechanism of growth inhibition by 3AMI is 
unknown. The block of inositol phosphate and DAG 
formation through decreased Ptdlns hydrolysis in 3AMI 
treated cells might be expected to lead to inhibition of cell- 
growth. It is known that blockage of increases in PKC 
activity in fibroblasts due to DAG produced in response to 
growth factors such as PDGF can prevent increased DNA 
synthesis [13]. However, the overall importance of the 
inositol phosphate and DAG signaling pathway to mitogen- 
esis remains unclear at this time [12]. 

An alternative target for inhibition by 3AM1 is the 
PtdIns3K pathway. 3-Substituted Ptdlns and Ptdlns mono- 
phosphates formed from 3AMI would not be substrates for 
PtdIns3K and might antagonize the effects of PtdIns-3- 
phosphatcs. The mechanisms by which PtdIns-3-phosphates 
cause mitogenesis is not known but may involve reorgani- 
zation of the cytoskeleton. Cellular proliferation is known 
to be closely associated with changes in the actin network 
of the cytoskeleton, and a correlation between actin poly- 
merization and the formation of Ptdlns(3,4,5)P3 has been 
reported [14]. It is noteworthy that we observed signs of 
changes in the cytoskeleton in 3AMI-treated fibroblasts, 
which became rounded and detached from the cell-culture 
surface. We also have preliminary evidence that a Ptdlns 
prepared from 3-deoxy-3-fluoro-myoinositol is an inhibitor 
of PtdIns3K (G. Powis and M. Berggren, unpublished 
observations). Thus, as well as acting as antimetabolites 
of PtdIns-3-phosphates, Ptdlns derived 3-AMI might inhibit 
PtdIns3K. 

In summary, we have confirmed that 3 AMI exhibits a 
remarkable selectivity for growth inhibition of v-sis NIH 
3T3 cells as compared with wild-type NIH 3T3 cells. 3AMI 
appears to be acting as an antimetabolite of myoinositol. 
Wild-type NIH 3T3 cells can take up 3AMI but do not form 
Ptdlns from 3AMI although it is a substrate for Ptdlns 
synthetase. This could explain the observed lack of growth 
inhibition of wild-type NIH 3T3 cells by 3AMI. 3AMI is 
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taken up by v-jfw NIH 3T3 cells and is incorporated into 
Ptdlns and Ptdlns monophosphate but does not form Ptdlns 
bisphosphates. The block in the formation of inositol 
phosphates as well as a block in the formation of Ptdlns- 
3-phosphates could explain the observed inhibition of cell 
growth by 3AMI in v-sis NIH 3T3 cells. 
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dase. These facts indicate the virtual absence of 
acetylmuramic acid residues, unsubstituted by peptide, 
in these walls. The situation is thus quite different 
from the hydrolysis of walls of M. lysodeikticus by egg 
white lysozyme, which treatment alone resulted in 
liberation of a small percentage of di- and tetrasacchar- 
ide (Ghuysen and Salton, 1960; Ghuysen, 1960). The 
cell wall of S. aureus may therefore be a far more rigid 
structure than that of M. lysodeikticus. This fact 
could provide a further explanation for its resistance to 
egg white lysozyme. 
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Failure of 10 Congeners of mjo-Inositol to Support or to Inhibit 
the Growth of a Cultured Human Cell 

H. Eagle* and G. E. McCasland 
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Ten congeners of myo-inositol failed to support the growth of a human cancer cell (KB) even 
at 10" 4 g/ml, 1000 times the minimal effective concentration of myo-inositol itself. Eight 
compounds tested at 10 ~ 3 g/ml failed to inhibit the growth-promoting activity of myo-inositol 
at 2 X 10 -* g/ml, a ratio of analog to myo-inositol of 500: 1. 



Interest in the supporting or inhibiting effect of 
inositol congeners on human cell growth arises from 
the fact that ordinary (myo) inositol is one of the twenty- 
two organic compounds (including thirteen amino acids) 
which are necessary and sufficient for growth of cultured 
human cells. In the absence of myo-inositol, those 
defined components, supplemented with dialyzed 
serum, permit growth only on the addition of serum 
ultrafiltrate. Experiments in which ninety growth 
factors were examined showed that myo-inositol was 
able wholly to replace the ultrafiltrate, while none of 
the other eighty-nine factors, either separately or to- 
gether, showed demonstrable activity (Eagle et al., 
1956). 

Most cultured mammalian cells can synthesize only 
a fraction of their myo-inositol requirement from 
glucose (Eagle et al., 1960). One cell line, a mouse 
fibroblast, not only produced enough for its own sur- 
vival and growth but released sufficient inositol into the 

* Albert Einstein College of Medicine. Supported by a 
grant (E-4153) from the National Institute of Allergy and 
Infectious Diseases, National Institutes of Health, U. S. 
public Health Service, and by a grant (G-17192) from the 
■National Science Foundation. 



medium to permit the parabiotic growth of another 
and inositol-dependent line. Another cell, a variant 
of the Hela strain, synthesized marginal amounts, so 
that exogenous inositol became essential for survival 
only at inocula of less than 200,000-500,000/ml (Eagle 
and Piez, 1962). With most cultured mammalian 
cells, however, exogenous inositol was essential for 
survival and growth (Eagle et al., 1956), presumably 
because of the loss of the newly synthesized material to 
the medium in amounts which exceeded the biosynthetic 
capacity of the cell (Eagle and Piez, 1962). 

A number of recently synthesized inositol analogs 
and derivatives (McCasiand etaL, 1954,1961, 1963a,b,c; 
Shoolery et al., 1961) have now been tested both for 
their ability to support the growth of an inositol- 
requiring culture (human carcinoma strain KB) (Eagle, 
1955), and for their possible antagonism to myo- 
inositol itself. The compounds are listed in Table I. 
None of these substituted for inositol in any concentra- 
tion up to 10 ~* g/ml, 100 times the maximally effective 
concentration of myo-inositol (Eagle et al., 1956), and 
1000 times the concentration (10 ~ 7 g/ml) with a partial 
growth-promoting action. Further, when eight of 
these compounds were used at 10 ~ 3 g/ml in conjunction 
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with 2 <X 10" 6 g/ml of myo-inositol, a 500:1 ratio of 
analog to inositol, none showed a growth-inhibiting 
effect (cf. last column in Table I). 

Table I 

Failure of Ten Congeners of myo-lNOSiTOL° to Support 
or to Inhibit the Growth of a Cultured Human Cell 

Antagonistic 
Action of 10~ 3 
g/ml to myo- 
inositol at 2 X 

10~* g/ml 
(amount of cel- 
lular growth* 
after 5 days) 



Compound Tested 
DL-l-Deoxy-epi-inositol 



Growth* in 5 
Days when 
Added at 10 ~ 4 
g/ml to Other- 
wise Inositol- 
free Medium 



1.3' 



13.6 X 



( + )-l-Deoxy-a//o-inositol 



0.95 



13.8 X 



( — )-2-Deoxy-a#o-inositol 




1.16 



( _ ) -3-Bromo-3-deoxy- 
L-inositol 




1.0 



14.4 X 



( - )-3-Chloro-3-deoxy- 
L-inositol 




0.89 



14.6 X 



( — )-l-Chloro-l-deoxy- 
neo-inositol 




0.89 



13.5 X 



( — )-l-Iodo-l-deoxy- 
neo-inositol 



1.27' 



13.8 X 



Biochemistry 



dl (124/5) Stereoisomer 
of 1,2,4,5-cyclohexane- 
tetrol 



1.14 



14.2 X 



meso (13/25) Stereoisomer 
of 1,2,3,5-cyclohexane- 
tetrol 



\J — M 



0.94 



d(126/345) Stereoisomer 
of 5,6-dimercapto- 
1,2,3,4-cyclohexane- 
tetrol 

SH 




1.0 



Control with myo- 
inositol alone 



10"* g/ml 12.9 
10 ~ 5 g/ml 12.0 
10~ 6 g/ml 11.2 



14.0 X 



u The methods of cell cultivation, the medium used, and 
the measurement of cell growth by protein determination 
have been described in previous communications of Eagle 
et al (1956, 1960, 1962). A human cancer cell (KB) cul- 
ture was used throughout (Eagle, 1955). 6 Referred to 
inoculum as 1. e Insignificant amount of growth, often 
observed in inositol-free medium. d Questionable sig- 
nificance: growth with 10 -« g/ml of analog was 14.3 X. 
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Extracts of human liver were found to contain ac- 
tivities which copurified and coeluted with the two 
major subtypes of mediators (type A and type P) iso- 
lated from insulin-stimulated rat liver. The putative 
type A mediator from human liver inhibited cAMP- 
dependent protein kinase from bovine heart, de- 
creased phosphoenolpyruvate carboxy kinase mRNA 
levels in rat hepatoma cells, and stimulated lipogen- 
esis in rat adipocytes. The putative type P mediator 
stimulated bovine heart pyruvate dehydrogenase 
phosphatase. Both fractions were able to stimulate 
proliferation of EGFR T17 fibroblasts and the type A 
was able to support growth in organotypic cultures 
of chicken embryo cochleovestibular ganglia. Both 
activities were resistant to Pronase treatment and 
the presence of carbohydrates, phosphate, and free- 
amino groups were confirmed in the two fractions. 
These properties are consistent with the structure/ 
function characteristics of the type A and P inositol- 
phosphoglycans (IPG) previously characterized 
from rat liver. Further, the ability of the human-de- 
rived mediators to interact with rat adipocytes and 
bovine-derived metabolic enzymes suggests sixnilar- 

This work was supported by the Accion Integrada Hispano- 
Britanica, by grants from the Medical Research Council, the Jules 
Thorn Trust, and the British Council to T.W.R. and Direccion 
General de Investigacidn, Ciencia y Tecnologia (DGICYT), Com- 
unidad de Madrid, and Europharma (Boehringer Ingelheim 
group) to I.V-N. H.N.C. and S.K. are supported by the Medical- 
Research Council (UK). Y.L. and MA. A. are supported by Minis- 
terio de Education y Ciencia (Spain) and D.R.J. by The Royal 
Society (UK) and the Consejo Superior de Investigaciones Cien- 
tificas (Spain). 

1 To whom correspondence should be addressed. Fax: 0171-380- 
9497. E-mail t.rademacher@ucl.ac.uk. 



ity in structure between the mediators purified from 
different species. Galactose oxidase-susceptible mem- 
brane-associated glycosylphosphatidylinositols (GPI) 
have been proposed to be the precursors of IPG. GPI 
was purified from human liver membranes foil wed 
by treatment with galactose oxidase and redu tion 
with NaB 3 !!*. Serial t.l.c. revealed three radiola- 
beled bands which comigrated with the putative: 
GPI precursors found in rat liver. These galactose- 
oxidase-reactive lipidic compounds, however, were 
only partially susceptible to hydrolysis with phos- 
phatidylinositol-specific phospholipase C from Ba- 
cillus thuringiensis and were resistant to glycosyl- 
phosphatidylinositol-specific phospholipase C from 
Trypanosoma brucei. These data indicate that IPG 
molecules with insulin-like biological activities ar 

present in human liver. 1997 Academic Press 



In mammals, insulin possesses a wide array of 
cellular effects, including the control of glucose ho- 
meostasis, the modulation of key enzymes of lipid 
and protein metabolism, positive and negative ef- 
fects on the transcription of cell type-specific genes, 
and the modulation of cellular proliferation and dif- 
ferentiation postnatally and during development. In 
terms of metabolic control, the most important tar- 
get tissues are the liver, adipose tissue, and skeletal 
muscle. Intracellular insulin responses are complex 
and exhibit tissue specificity. At the cellular level, 
insulin action starts with the activation of the endog- 
enous tyrosine kinase activity of its receptor (1). This 
leads to the phosphorylation on tyrosine residues 
of a number of intracellular proteins. One of them, 
insulin receptor substrate-1 (IRS-1), following insu- 
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lin stimulation, serves as a link to a group of signal- 
ing proteins containing src-homology 2 domains (2). 
IRS-1 was thought to play a central role in the cellu- 
lar responses to insulin and insulin-like growth fac- 
tor-I (IGF-I) but recent gene knockout experiments 
indicate that much of the signaling by insulin and 
IGF-I receptors may be independent of IRS-1 (3). 
These findings suggest the existence of alternative 
pathways, one of them possibly being a second puta- 
tive substrate for the insulin receptor, IRS-2 (4). In 
addition, insulin stimulation of glucose utilization 
and other metabolic effects seem to be independent 
of the activation of mitogen-activated protein kinase 
or mitogen-activated protein kinase kinase (re- 
viewed in 5), two key kinases of the phosphorylation 
cascade pathway. The complexity of insulin actions 
suggests that a network of independent intracellular 
signaling pathways will be needed to achieve the 
appropriate specific response at the proper time. 

The glycosylphosphatidylinositol (GPI) subgroup 
of glycolipids may play an important dual function 
in eukaryotic cells. GPIss erve as membrane anchors 
of covalently attached proFeittS which are found in 
T TKelftiter leafle to f the pla sin ajHCT ^^ 
^ have also been PEMMsed jo be precursors to inosi tol^ 
^ phosphoglycan (I PG) s econd messengers (7). Follow- 
ing receptor ligation a putative phospholipase is acti- 
vated and the cleavage of free GPI occurs, yielding 
IPG. It is at present not clear what structural fea- 
tures are in common between the free GPIs and the 
protein-associated GPIs. The role of IPG molecules 
as insulin mediators has been postulated on the ba- 
sis of the unique ability of IPG to mimic the short- 
and long-term effects of this hormone (reviewed in 
8). Moreover, mutant cells unable to synthesize GPI 
respond to insulin by tyrosine phosphorylation but 
they do not synthesize glycogen upon insulin stimu- 
lation (9). Insulin and IGF-I are members of a grow- 
ing list of growth factors and extracellular stimuli 
which have been demonstrated to utilize free GPIs 
for at least part of their signal transduction mecha- 
nisms (reviewed in 8). 

Different families of mammalian-derived IPG 
have been reported (10-12). At least two distinct 
types exist, denominated types A and P (13); the 
ratio of the types released is tissue-specific (14). The 
type A mediators are functionally and chemically 
distinct from the type P mediators (reviewed in 
13,15). Briefly, type A mediators modulate a number 
of enzyme activities such as acetylCoA carboxylase 
(activates) (16), cAMP-dependent protein kinase (in- 
hibits) (17), adenylate cyclase (inhibits) (18), and 
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cAMP phosphodiesterases (stimulates) (19,20). In 
contrast type P mediators modulate the activity of 
insulin-dependent enzymes such as pyruvate dehy- 
drogenase phosphatase (PDH-phosphatase) (stimu- 
lates), (12,21) and glycogen synthase phosphatase 
(stimulates) (22). The type A mediators mimic the 
lipogenic activity of insulin on adipocytes, whereas 
the type P mediators mimic the glycogenic activity 
of insulin in muscle (22,23). Both rat-derived type A 
and P mediators are mitogenic when added to EGFR 
T17 cells (14,26). In addition, IPG molecules modu- 
late gene expression in an insulin-like manner 
(24,25). IPG molecules generated by treatment of 
rat liver membrane with PI-PLC can stimulate cell 
proliferation in the developing chick cochleovestibu- 
lar ganglia (CVG) (27). Antibodies against IPG are 
able to block insulin action- (28,29), which further 
supports the idea that release of IPG is a crucial 
event in insulin action. Alterations in IPG uptake 
and metabolism and an impaired insulin response 
in terms of GPI hydrolysis have been described in 
different experimental models of insulin resistance 
in rats (see Discussion). 

Soluble IPG molecules have been extracted from 
a variety of tissues (for recent reviews, see 8,13). 
Despite these studies, evidence for the presence of 
soluble IPG mediators in a primary target organ for 
insulin action in humans has not been established. 
We describe here the isolation and partial character- 
ization from human liver of two activities which co- 
purify and coelute with the two subtypes of IPGs 
previously described (14,29) and the isolation and 
partial characterization of a putative IPG precursor, 
GPL The two types of IPG reported here are shown 
to possess distinct chemical properties and insulin- 
like biological actions. 

MATERIALS AND METHODS 

Materials 

Galactose oxidase, £>-glucosamine, fluorescamine, 
D-galactose, bromophenol blue, activated charcoal, 
histone IIA, and cAMP-dependent protein kinase 
were obtained from Sigma (Poole, UK). GPI-PLC 
from Trypanosoma brucei was purchased from Ox- 
ford Glycosystems (Oxford, UK). Sodium borohy- 
dride NaB 3 H 4 (5-20 Ci/mmol), [-y- 32 P]ATP (3000 Ci/ 
mmol), D-[U- 14 C]glucose (3 mCi/mmol), [ 3 H]inositol 
phosphates (3 Ci/mmol), and [ 3 H]thymidine (40-60 
Ci/mmol) were obtained from Amersham Int. (Amer- 
sham, UK). [a- 32 P]dCTP (3000 Ci/mmol) and 
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En 3 Hance were obtained from DuPont-New England 
Nuclear (Boston, MA). Sep-Pak C18 cartridges were 
obtained from Waters (Bedford, MA). Silica gel G60 
thin-layer chromatography (t.i.c.) plates were ob- 
tained from Merck (Darmstadt, Germany). Ion ex- 
change resins AG1-X8 (HO - , 20-50 mesh), AG3-X4 
(HO", 100-200 mesh), and AG50-X12 (H + , 200-400 
mesh) were obtained from Bio-Rad Laboratories 
(Hemel Hempstead, UK). Cell culture reagents were 
obtained from Biowhitaker (Venders, Belgium). Fe- 
tal calf serum (FCS) was obtained from Gibco (Pais- 
ley, UK). Salts, organic solvents, and other reagents 
were of analytic grade or better. 

Samples of human liver were obtained by hepatec- 
tomy before liver transplantation from a 56-year-old 
female patient suffering from primary biliary cirrho- 
sis and from a 33-year-old male accident victim. The 
livers were surgically removed, immediately frozen 
in liquid nitrogen, and stored at -70°C until used. 

Methods 

Isolation of IPG. IPGs were purified following 
the protocol described previously (29), with some 
modifications. Briefly, each batch was prepared from 
approximately 90 g of frozen human or control rat 
liver. The frozen tissue was powdered under liquid 
nitrogen and placed directly into boiling 50 mM for- 
mic acid containing 1 mM ethylenediaminetetraace- 
tic acid (EDTA) and 1 mM 2-mercaptoethanol (3 ml 
of buffer per gram (wet weight) of tissue). After a 1- 
min homogenization with a polytron mixer (Kine- 
matica, Littau, Switzerland), the solution was fur- 
ther boiled for 5 min. The solution was then cooled 
on ice and centrifuged at 29,500g for 2 h at 4°C. The 
supernatant was treated with 10 mg/ml activated 
charcoal for 30 min with stirring at 4°C. The charcoal 
suspension was centrifuged at 29,500# for 1 h at 4°C 
and the clear supernatant recovered. The solution 
was then diluted 10-fold with distilled water, ad- 
justed to pH 6.0 with 10% NH 4 0H solution, and then 
gently shaken overnight at room temperature with 
AG1-X8 (formate form) resin (0.3 ml resin/ml solu- 
tion). The resin was then poured onto a chromatogra- 
phy column (2.5 X 60 cm) and washed sequentially 
with water (2 bed volumes) and 1 mM HC1 (2 bed 
volumes). Then material was eluted with 10 mM HC1 
(5 bed volumes) and finally with 50 mM HC1 (5 bed 
volumes). Both fractions were adjusted to pH 4.0 
with 10% NH 4 OH solution before drying in a rotary 
evaporator. The dried fractions were redissolved in 
distilled water, lyophilized twice, and divided into 



five aliquots for both chemical and biochemical anal- 
yses. The n menclature for each preparati n was 
defined at this point following the criteria of (29): 
the material eluted from the column using 10 mM 
HC1 was named IPG type P and that which eluted 
using 50 mM HC1 was named IPG type A. For analy- 
ses, aliquots of each type of mediator were made by 
dissolving the amount of material obtained from 18 
g (wet weight) of tissue in 200 /A of distilled water, 
appropriate buffers, or Hanks' salts (Seromed Labo- 
ratories, Berlin, Germany) and adjusted to pH 7.0 
with 1 M KOH. Therefore, 10 yl of stock solution 
represents the amount of type A or P mediator recov- 
ered from 900 mg of starting tissue. 

Chemical characterization of IPG. IPG was 
treated with pronase E as follows. Briefly, a stock 
solution of the enzyme (10 mg/ml) was preincubated 
at 60°C for 30 min in 100 mM Tris-HCl buffer, pH 
8.0, to inactivate contaminating enzymes which may 
be present. Treatment was started by addition of 
Pronase solution (30 fd) to IPG samples in 200 fi\ of 
100 mM Tris-HCl buffer, pH 8.0, at 37°C. After 2 h, 
the reaction was terminated by boiling for 3 min and 
then proteins were removed by acid precipitation. 

For paper chromatography, IPG was dissolved in 
a minimum amount of distilled water and applied 
to Whatman 3MM chromatography paper (3 x 50 
cm, origin at 8.5 cm). Descending paper chromatog- 
raphy was performed using n-butanol:ethanol:water 
(4:1:1, by volume) for a period of 9 h. After drying, 
the paper was cut every centimeter (-1 to +35 cm 
from the origin) and then the material associated 
in each fraction was eluted with water (60 y\ 9 five 
washes). Each fraction was evaporated to dryness 
and redissolved either in water or in Hanks' salts 
(60 and neutralized with 1 n KOH prior to the 
determination of free amino groups and phosphate 
content or to assay biological activities. 

High-voltage paper electrophoresis (HVE) was 
performed on pooled material eluted from fractions 
-1 to +6 after paper chromatography. The material 
was redissolved in 50 /il of distilled water and ap- 
plied to Whatman 3MM electrophoresis paper. Bro- 
mophenol blue and a mixture of [ 3 H]inositol phos- 
phates were added as a marker and standards, re- 
spectively. Electrophoresis was performed for 30 min 
at 80 VcnT 1 in pyridine:acetic acid:water (3:1:387, 
by volume), pH 5.4. Subsequently, the paper was 
dried, fractions were cut every centimeter, and asso- 
ciated material was eluted with water as described 
above for paper chromatography. Neutral com- 



18069302 



INSULIN MEDIATORS IN HUMAN LIVER 



pounds remained at the point of application, while 
negatively charged compounds moved toward the 
anode. 

The interaction of IPGs with ion-exchange resins 
and Sep-Pak C18 cartridges was performed using 
dilutions of the aqueous stock solutions. After load- 
ing onto columns containing 600 p\ of either AG3- 
X4 (HO") or AG50-X12 (H + ) or onto Sep-Pak C18 
cartridges, elutable material was recovered with wa- 
ter (5 bed volumes). The solutions were concentrated 
to dryness, redissolved in 30 pi of Hanks' salts, and 
adjusted to pH 7.0 before being used for biological 
analysis. 

Measurement of free amino groups was performed 
as described previously (30). Samples and standards 
(0-100 nmol of D-(+)-glucosamine hydrochloride) 
were dissolved in water (50 pi) before sequentially 
adding aqueous sodium borate (pH 9.0) and fluores- 
camine (prepared in dry acetone), yielding final con- 
centrations of 140 mM and 0.75 mg/ml, respectively. 
Emission fluorescence at 475 nm was observed after 
excitation at 390 nm using a spectrofluorimeter 
(Kontron Instruments, Rotkreuz, Switzerland). 

Total phosphate levels were assayed by an adap- 
tation of (31). Samples and standards (0-100 nmol 
of disodium hydrogen phosphate) were evaporated 
to dryness and hydrolyzed with perchloric acid 
(70%, by volume) at 180°C for 30 min. After cooling 
to room temperature, distilled water (250 pi) was 
added. Ammonium molybdate and ascorbic acid were 
sequentially added, yielding final concentrations of 
3 and 72 mM, respectively. Color development was 
achieved by heating the samples at 95°C for 15 min. 
Optical absorbance was measured at 655 nm. 

The presence of carbohydrates and the absence of 
peptides was confirmed by anion exchange HPLC 
(Dionex) using pulsed amperometric detection and 
measuring the absorbance at 254 nm, respectively. 
Analysis was performed with the material obtained 
after paper chromatography purification. 

Lipid isolation and analysis. Glycolipids were 
partially purified from human liver membranes fol- 
lowing the method described in (11) with minor mod- 
ifications (30), The membrane fraction was obtained 
by sequential centrifugation from 20 g of material. 
Total lipids were obtained by chloroform/methanol 
extraction followed by the removal of nonpolar lip- 
ids. GPI was separated from other phospholipids by 
sequential acid/base silica gel G60 t.l.c. (see below). 
Lipid migration was calibrated in parallel with phos- 
pholipid standards that were detected by staining 
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with iodine. Lipids were extracted from the t.l.c. 
plate with methanol, dried, applied to a Sep-Pak C18 
cartridge, eluted with methanol, and dried. The gly- 
colipids were labeled by treatment with galactose 
oxidase followed by reduction with [ 3 H]sodium boro- 
hydride according to (32), The radiolabeled GPI was 
subjected to sequential acid/base tlx as above. The 
purified sample was resuspended in water, applied 
to a Sep-Pak CIS cartridge, and eluted with water 
(5 ml) and then with methanol (5 ml). The methanol 
fraction was collected, dried, and stored at -70°C 
until used. Approximately 5 x 10 4 cpm of radiola- 
beled GPI was spotted onto the origin of a silica gel 
G60 tlx. plate which was developed twice in an 
acidic solvent system [chloroformracetone: metha- 
nol: ace tic acid: water (50:20:10:10:5, by volume)] or 
in a basic solvent system [chloroform:methanol:am- 
monium hydroxide:water (45:45:3.5:10, by volume)]. 
Alternatively, labeled GPI molecules were further 
resolved by double-dimension tlx. as described in 
(26,33) or by using high-performance (HP)-tlx. 
plates developed in chloroform: methanol ammo- 
nium hydroxide:water (40:45:3.5:15, by volume) as 
described (34). The plates were then sprayed with 
En 3 Hance and the pattern of labeled glycolipids was 
analyzed by autoradiography.. 

Sensitivity to PLC was determined by incubation 
of [ 3 H-galactose]GPI with 1 unit of either PI-PLC 
from Bacillus thuringiensis or GPI-PLC from T. bru- 
cei for 15 h according to the manufacturer's instruc- 
tions. Controls were performed by incubating [ 3 H- 
galactoseJGPI samples in the reaction buffer without 
enzyme. At the end of the incubation, the reaction 
was terminated by loading the sample onto a Sep- 
Pak C18 cartridge. The water eluate (5 ml) was dried 
and the associated radioactivity determined by liq- 
uid scintillation counting. The methanol eluate (5 
ml) was dried and labeled glycolipids were resolved: 
on HP-t.l.c. plates as described above. Dried plates 
were impregnated with En 3 Hance and subjected, to 
autoradiography. 

cAMP-dependent protein kinase activity assay. 
The ability of the IPG fractions to inhibit the activity 
of the cAMP-dependent protein kinase was assessed 
by using histone IIA as substrate as described pre- 
viously (17). Briefly, the reaction mixture (100 pi) 
contained 25 mM Hepes buffer (pH 7.6), 10 pM 
MgATP (10 s cpm of [y- 32 P]ATP), histone IIA (50 pg 
protein), and the catalytic subunit of the cAMP-de- 
pendent protein kinase (60 units/ml). Either buffer 
control (10 pi) or IPG stock solution in Hanks' salts 
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(10 ^1) was added to the reaction mixture. After incu- 
bation at 37°C for 10 min, the reaction was stopped 
and proteins were precipitated with 10% TCA (500 
fj]). The incorporation of 32 P into proteins was deter- 
mined by Cerenkov counting. 

PDH phosphatase activity assay. The pyruvate 
dehydrogenase complex (PDC) and the PDH phos- 
phatase were prepared from bovine heart as de- 
scribed (21) and stored at -80°C until use. The assay 
for PDH phosphatase, in the presence or the absence 
of insulin mediator, was based upon the initial rate 
of the activation of the inactivated phosphorylated 
PDH complex. The initial activity of the PDC was 
8-13 units/ml (1 unit of enzyme produces 1 /xmol 
NADH/min). After inactivation with ATP, this value 
was reduced to less than 1% of the original value. A 
two-stage assay was used to quantitate the phospha- 
tase activity. A sample of inactivated PDC (50 /il) 
was preincubated at 30°C with 1 mg/ml fat-free bo- 
vine serum albumin, 10 mM MgCl 2 , 0.1 mM CaCl 2 , 
and 1 mM dithiothreitol in 20 mM potassium phos- 
phate buffer, pH 7.0 (total volume 250 //l), for 3 min. 
At this time, 10 /il of the PDH phosphatase and 10 
/il of IPG stock solution were added and the incuba- 
tion was continued for a further 2 min. At the end 
of this time, 200 /il of the reaction mixture was re- 
moved and added to 100 fi\ of 300 mM NaF. The 
activated PDH was determined at the second stage 
spectrophotometrically by measuring the rate of pro- 
duction of the reduced form of NADH. One hundred 
microliters of the stopped reaction was added to 1 
ml of reaction mixture containing 50 mM potassium 
phosphate buffer at pH 8.0, 2.5 mM of the oxidized 
form of NAD, 0.2 mM thiamine pyrophosphate (TPP), 
0.13 mM coenzyme A, 0.32 mM dithiothreitol, and 2 
mM sodium pyruvate. The production of NADH was 
followed using an absorbance at 340 nm for 5 min. 
One unit of IPG PDH activity is the amount required 
to increase the basal rate by 50%. 

Activation of lipogenesis in rat adipocytes. The 
effect of both IPG subtypes on the activation of lipo- 
genesis was tested in rat adipocytes isolated from 
the epididymal fat pads of young rats, following the 
procedure described by Rodbell (36). Briefly, adipo- 
cytes from two young rat (200 g weight each) epididy- 
mal fat pads were suspended in 8 ml of Krebs Ringer 
bicarbonate buffer. Two hundred and fifty microli- 
ters of the cell suspension was incubated at 37°C for 
2 h in Krebs Ringer bicarbonate buffer containing 
1% w/v albumin and 5 mM [U- 14 C]glucose (1 /xCi/ 
sample) with, or without, insulin (1 nM) or IPG sam- 



ples (10 fjl from stock solution). The rate of incorpo- 
ration of uniformly labeled glucose into fatty acids 
was used as a measure of lipogenesis (cpm incorpo- 
rated/2 h). One unit of IPG lipogenic activity is the 
amount required to increase the baseline incorpora- 
tion by 50%. One picomole of insulin produces a stim- 
ulation of approximately 300-400%, equivalent to 
6-8 units of IPG based on the unit defined above. 

RNA extraction and Northern analysis. H4IIE 
rat hepatoma cells were routinely grown in Dulbec- 
co's modified Eagle's medium (DMEM) with 5% fetal 
bovine serum, 5% fetal calf serum (FCS), 2 mM L- 
glutamine, 100 units/ml penicillin, and 100 //g/ml 
streptomycin at 37°C in a water-saturated atmo- 
sphere containing 5% C0 2 . Serum was removed for 
20-24 h before experiments when the cells were ap- 
proximately 70% confluent. Treatment with the dif- 
ferent agonists was performed as previously de- 
scribed (25). IPG type A or P samples were assayed 
at a final dilution of 1/100. RNA from treated and 
control H4IIE cells was isolated by acid guanidinium 
thiocyanate-phenol-chloroform extraction (37). To- 
tal RNA (20 fig per sample) was separated by 1% 
agarose electrophoresis under denaturing conditions 
(1.1 M formaldehyde and 50% formamide) and trans- 
ferred to nitrocellulose filters (Schleicher & Schuell, 
Keene, NH). Prehybridization and hybridization of 
the membranes were carried out under moderate 
stringency conditions (35% formamide at 42°C) for 
5 and 24 h, respectively, using the Wahl buffer (38). 
Filters were hybridized with a 2.6-kb cDNA for rat 
cytosolic PEPCK (39). Probes were labeled with [a- 
32 P]dCTP by the random priming method (sp act 5- 
10 X 10 8 cpm/mg DNA) according to the manufactur- 
er's instructions (Amersham Int.). Quantitation was 
performed by scanning densitometry of the X-ray 
film and of the ethidium bromide-stained agarose 
gel as loading control. 

Measurement of cellular proliferation in fibro- 
blasts. EGFR T17 fibroblasts were routinely grown 
in DMEM containing 10% FCS, 2 mM L-glutamine, 
100 units/ml penicillin, and 100 yg/ml streptomycin 
at 37°C in a humidified atmosphere of 5% C0 2 . The 
cells were subcultured when they reached 80% con- 
fluency. The EGFRT17 cells are NIH 3T3 fibroblasts 
transfected with the human epidermal growth factor 
receptor (40). To evaluate fibroblast cell prolifera- 
tion, cells were plated into 96-well microtiter wells 
at a density of 10 4 cells per well in DMEM containing 
10% FCS. After 24 h the medium was removed, the 
cells were washed twice with Hanks' salts, serum- 
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free medium was added, and the cells were incu- 
bated for a further 24-h period. At this point the 
cells were stimulated with serum, IPG preparations, 
or the appropriate controls. Eighteen hours later 
[ 3 H]thymidine (1 j/Ci/well) was added to each well 
for 4 h. At the end of this treatment, the cells were 
washed twice with Hanks' salts, trypsinized, and the 
radioactivity associated with cellular BNA was de- 
termined using a cell harvester (Skatron Instru- 
ments, Lier, Norway) and scintillation counting (Op- 
tiPhase "HiSafe" liquid scintillation cocktail, Wallac, 
Turku, Finland), as previously described (25). 

Explants culture and measurement of cellular pro- 
liferation. CVG were isolated from 72-h chicken 
embryos as described previously (27). Chicken em- 
bryos were removed from eggs and placed in 35-mm 
petri dishes (NUNC, Roskilde, Denmark), in M199 
medium containing Hanks' salts and used only if 
equivalent to stages 19 or 20. The explanted CVGs 
were cultured in 4-well multidishes (NUNC) in 0.25 
ml of culture medium that consisted of serum-free 
Medium M199, Earle's salts, 2 mM L-glutamine, 25 
mM Hepes, and antibiotics as above. Human IPG 
fractions were tested at a final dilution of 1/100. 
DNA synthesis was determined by culturing the 
CVG explants in medium containing [ 3 H]thymidine 
(10 ^Ci/ml) for 24 h. Incubations were carried out at 
37°C in a humidified atmosphere containing 5% C0 2 . 
The CVGs were individually rinsed three times with 
ice-cold phosphate-buffered saline. The explants 
were then extracted with 10% trichloroacetic acid 
and the incorporated radioactivity was determined 
by scintillation counting. 

RESULTS 

IPG Isolation and Chemical Characterization 

Human liver was used for the isolation of IPGs 
using a protocol previously described for the isola- 
tion of IPGs from bovine liver (29) and rat tissues 
(14). Briefly, the extract was prepared by heat and 
acid treatment of a liver homogenate. After centrifu- 
gation and charcoal extraction, the solution was al- 
lowed to interact overnight with an anion exchange 
resin (AG1-X8, formate form). The resin was washed 
sequentially with water and dilute HC1. Two frac- 
tions were then obtained by elution with 10 mM HC1 
and 50 mM HC1 and defined as human IPG type P 
and type A, respectively. These fractions were neu- 
tralized and lyophilized several times before being 
used. Both species of IPG showed positive identifi- 
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FIG. 1. Purification of IPG by descending paper chromatogra- 
phy. Descending paper chromatographic profiles of control- and 
Pronase E-treated IPG type A and type P, A and B, respectively, 
following analysis for phosphate content. (C and D) Free amino 
group analysis in the same chromatographic fractions. For clarity 
only the first 10 fractions are displayed in each panel. The profiles 
for Prpnase-treated or untreated mediators were identical (C and 
D). The solvent front was at +35 cm. 



cation for amino groups and phosphate moieties. To 
compare the biological effects of both IPG types, and 
due to the scarcity of data available on the chemical 
composition of IPG type P, identical aliquots of each 
fraction were prepared taking as a reference the 
starting wet weight of tissue as reported in (14). 

Samples of both IPG types were purified by de- 
scending paper chromatography after treatment 
with Pronase E as described under Materials and 
Methods. Figures 1A and IB show the chromato- 
graphic profiles for IPG type A and type P, respec- 
tively, following analysis for phosphate content. 
Compounds containing phosphate were found to mi- 
grate between the origin and approximately 5 cm 
(total length 43 cm, solvent front +35 cm). Pronase E 
treatment did not alter the chromatographic profile. 
The paper chromatograms were also analyzed for 
the presence of free amino groups, as shown in Figs. 
1C and ID. Compounds containing free amino 
groups were predominantly located between the ori- 
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gin and a migration distance of 5 cm, with a pattern 
similar to that found for the phosphate analysis. 
Treatment with Pronase did not alter the elution 
pattern (data not shown). Carbohydrates were de- 
tected in these fractions by pulsed amperometric de- 
tection when these samples were further analyzed 
by anion exchange HPLC (Dionex, data not shown). 

The material eluted from the paper (from - i to 
+6 cm) after descending chromatography was pooled 
and subjected to HVE at pH 5.4. Under these condi- 
tions, negatively charged compounds containing 
phosphate, carboxyl, or sulfate groups migrate to- 
ward the anode. Phosphate was detected at the ori- 
gin and as a broad unresolved peak extending from 
5 to 20 cm from the origin, as shown in Fig. 2A. The 
profiles for both types of human IPG were remark- 
ably similar. The presence of phosphate at the origin 
indicates that compounds recovered in this position 
must have an equal number of positively charged 
moieties which neutralize the overall charge. The 
compounds which migrate might have an excess of 
negatively charged groups (i.e., phosphate) over the 
positively charged moieties (i.e., amino, metal). In 
order to study which fractions had biological activity 
we tested the uptake of [ 3 H]thymidine by EGFR T17 
cells in response to the HVE fractions of both types 
of IPG. This assay has been used to estimate the 
relative abundance of the two mediators in several 
rat tissues since both type A and P mediators are 
active in the assay (14). Figure 2B shows the effect 
of IPG type P fractions post-HVE in the stimulation 
of [ 3 H]thymidine uptake by EGFR T17 cells. Figure 
3A shows that the EGFR T17 cells respond in a dose- 
dependent manner to both the human type A and P 
IPG prior to HVE. Similar results were found for the 
human type A IPG after HVE. These data indicate 
that biological activity is still present after the Pro- 
nase treatment followed by the sequential purifica- 
tion through paper chromatography and HVE. The 
profile of the ability of IPG type P to stimulate [ 3 H]- 
thymidine incorporation into EGFRT17 cells follow- 
ing HVE mirrored the phosphate analysis profile 
shown in Fig. 2A, with activity present at the origin 
and in a broad band extending to a migration dis- 
tance of 20 cm. Similar results were found with IPG 
type A (data not shown). The reference assay which 
defines IPG type P activity is the stimulation of PDH 
phosphatase (12,13). Figure 3B shows that the hu- 
man liver type P IPG is able to induce a dose-depen- 
dent stimulation of PDH phosphatase. For compari- 
son the dose response of purified rat type P IPG 
isolated from the same wet weight of rat liver as 



0.25" 

<U 0.20- 
o 
c 

03 

■S 0.15-g 

o 

CO 
jQ 

- _ 
^ U.TU1 



A-type 
P-type 



© 



BB 1P1 



IP3 



ooslj, , r iJlHlLi,.i r 



0 5 10 15 20 25 

t Distance (cm) 
origin 



B 



2.5r 




Distance (cm) 



FIG. 2. HVE of IPG type A and type P. A representative elec- 
trophoretogram of IPG type A (hatched) and type P (black) HVE 
following detection of phosphate is shown in A. B (left) shows the 
effect of selected fractions of IPG type P on cell proliferation after 
the Pronase treatment, descending paper chromatography, and 
HVE purification steps. B (right) also shows the effect of the crude 
preparation of IPG type A and type P at a final dilution of 1/80 
(see Materials and Methods) on [ 3 H]thymidine incorporation into 
EGFR T17 fibroblasts. The migration positions of bromophenol 
blue (BB), inositol monophosphate (IP1), and inositol di/tri-phos- 
phate (IPS) are indicated by arrows. 



human liver is shown. The HVE fractions used to 
assess [ 3 H]thymidine incorporation into EGFR T17 
cells were assayed for their ability to stimulate PDH 
phosphatase. These parameters exhibited a high cor- 
relation of r = 0.97 (P < 0.001) (Fig. 4A). Figure 4B 
shows that there is also a strong correlation r = 0.87 
(P < 0.01) between the phosphate content of the IPG 
type P fractions isolated from the HVE electropho- 
retogram and their ability to stimulate cellular pro- 
liferation. The correlation between phosphate con- 
tent and PDH phosphatase stimulating activity was 
found to be r = 0.73 (data not sh wn). 
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FIG. 3. Stimulation of EGFR T17 fibroblasts and PDH phos- 
phatase. (A) Serial dilutions of stock human liver-derived type A 
and type P were assayed for their ability to stimulate prolifera- 
tion. Control represents the proliferation of the fibroblasts in se- 
rum-free medium without addition of the IPG. (B) Stimulation of 
bovine heart-derived PDH phosphatase was linear for both hu- 
man and rat liver-derived type P mediator. The amount of media- 
tor used was by volume of stock (see Materials and Methods). 



The behavior of IPGs in their interaction with 
two different ion exchange resins and a C18 reverse 
phase resin were determined by the ability of the 
aqueous eluates to induce [ 3 H]thymidine incorpora- 
tion into EGFR T17 cells and is summarized in Ta- 
ble 1. In the case of the Sep-Pak C18 cartridge, 
about 80-85% of the biological activity of the IPG 
type A was recovered in the water eluate, whereas 
only a 50-60% of the activity of the IPG type P 
was recovered following the same protocol. These 
results suggest that the type A mediator is hydro- 
philic. In contrast, the type P mediator is either a 
mixture of hydrophilic and hydrophobic com- 
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pounds, both having proliferative activity, or it ex- 
ists in complex equilibria resulting in partitioning 
depending on its physical state. The A or P type 
mediators could not be recovered from either a cat- 
ion exchange column (AG50-X12) or an anion ex- 
change column (AG3-X4) following, water elution, 
as assessed by [ 3 H]thymidine incorporation into 
EGFR T17 cells. This is in agreement with the pres- 
ence of dual functional groups such as free amino 
and phosphate moieties within both types of human 
IPG molecules (see Fig. 1). 

Both IPGs have been reported to have a variety 
of insulin-like effects in intact cells and in vitro 
assays of certain enzyme activities (reviewed in 15). 
Hence the next step was to assess whether human 
IPG types have distinct biological effects. 




Phosphate content 
(absorbance 655mm)) 

FIG. 4. The correlation among [^thymidine incorporation, 
PDH phosphatase stimulating activity, and phosphate content of 
selected fractions from the HVE electrophoretogram. (A) HVE 
fractions (equal to those used in Pig. 2B) were assayed for their, 
ability to stimulate PDH phosphatase. The correlation between 
both effects was of r = 0.97. B shows the correlation (r = 0.87) 
between the phosphate content and the stimulation by the same 
fractions of t 3 H]thymidine incorporation into EGFR T17 fibro- 
blasts. 
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TABLE 1 

Interacti n f IPGs with Ion Exchange Resins and 
C-18 Reverse-Phase Matrix 



Control (cpm) 


209 ± 79 


10% FCStcpm) 


46313 ± 10231 


A-type (cpm) 


33917 ± 6697 


P-type (cpm) 


36542 ± 2278 


C-18 (% recovery) 




A-type 


86 


r-type 




Blank (cpm) 


1377 ± 317 


AG3 (% recovery) 




A-type 


11 


P-type 


1.5 


Blank (cpm) 


505 ± 61 


AG50 {% recovery) 




A-type 


1.5 


P-type 


2 


Blank (cpm) 


258 * 144 



Note, l 3 H]Thymidine incorporation into the EGFR Tl7-trans- 
fected fibroblasts. A and P type mediators were eluted with water 
from the different supports. Final concentration of IPG was a 1/ 
40 dilution of stock (see Materials and Methods). Similar results 
were obtained for dilutions of 1/80. All IPG stimulations were 
dose dependent. Partial recovery of the P type was consistently 
observed on C-18. No attempt was made to recover the bound 
material. 

Insulin-like Biological Actions of IPG Types A and P 

Inhibition of cAMP-dependent protein kinase. 
The ability of both IPG subtypes to inhibit the activity 
of the cAMP-dependent protein kinase was tested as 
already described (17). The addition of IPG type A or 
type P (stock solution diluted 1/10) caused a 78.5 ± 
9.5 and 56.7 ± 16.4% inhibition, respectively, of the 
kinase activity (n = 4, in triplicate). Control incorpo- 
ration of 32 P into washed histone IIA was approxi- 
mately 75,000 c.p.m. This effect was dose dependent. 
When both fractions were assayed at a final dilution 
of 1/100 a significative inhibition of the kinase activity 
was achieved only with the type A fraction (50% inhi- 
bition type A, 11% inhibition type P). These data are 
in agreement with those reported for rat or bovine 
liver-derived IPGs (14,29), where the type A mediator 
fraction contains the predominant inhibitor activity 
against cAMP-dependent protein kinase. 

Stimulation of PDH phosphatase. The ability of 
both fractions to stimulate the activity of bovine 
heart PDH was studied. Table 2 shows that human 
liver contained substantial PDH phosphatase stimu- 
lating activity in the type P eluate. The amount of 
activity recovered was similar to that recovered from 
rat liver in the absence of insulin stimulation (see 



Table 2). Insulin stimulation of rat liver results in 
a 2-fold increase in recoverable activity 2 min after 
insulin injection. IPG type A contained less PDH 
stimulating activity (2.8 fold less compared to IPG 
type P) which did not increase after insulin stimula- 
tion. The predominant insulin-sensitive PDH phos- 
phatase stimulating activity was therefore present 
in the type P fraction, as already reported for rat 
and bovine liver (14,29). 

Effect on lipogenesis. Both IPGs were tested for 
their ability to stimulate lipogenesis in isolated rat 
adipocytes. Table 2 shows that no lipogenic activity 
was found in the IPG type P from either human 
liver. This is consistent with the lack of lipogenic 
activity in the IPG type P from rat liver. In contrast, 
the IPG type A contained lipogenic activity. The nor- 
mal human liver was found to contain the same 
amount of lipogenic activity as that found in type A 
IPG from insulin-stimulated rat liver. In contrast 
the diseased liver, obtained at the time of trans- 
plantation, was active but contained about fivefold 
less lipogenic activity than the normal human liver.. 
This was the only differential activity found between 
the human liver samples. 

Effect on PEPCK mRNA expression. The ability 
of the two human IPG subtypes to mimic the effects 
of insulin on the regulation of the expression of the 
gluconeogenic enzyme PEPCK was studied in rat 
H4IIE hepatoma cells. Incubation of the cells with 
0.1 mM 8-bromo-cAMP (8-Br-cAMP) caused within 3- 
5 h a 3-fold induction over the steady-state levels of 
PEPCK mRNA (Fig. 5, lanes 2 and 3). As expected, 
the addition of 100 nM insulin after 3 h of preinduc- 
tion with 8-Br-cAMP produced a 2-fold reduction in 
the levels of PEPCK mRNA within 2 h (Fig. 5, lane 
4), its effect being dominant over that of 8-Br-cAMP. 
Under the same conditions, the addition of IPG type 
A ( 1/100 final dilution) reversed the stimulatory effect 
of the 8-Br-cAMP, showing a 2-fold reduction, while: 
the same concentration of IPG type P had a negligible 
effect on the level of PEPCK mRNA (Fig. 5, lanes 5 
and 6). These results indicate that human liver IPG 
type A had the same effect as rat liver IPG that was: 
generated either by treatment of hepatoma cells with 
insulin or by PI-PLC hydrolysis of GPI (25). 

Effects on CVG proliferation. The insulin family 
of growth factors has a central role in the control of 
cell proliferation during the early stages of inner ear 
development. Mitogenic effects of IGF-I appear to be 1 
coupled to the hydrolysis of GPI and the generation 
of a soluble IPG (27, 41). Studies were conducted to 
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TABLE 2 

Bi activity of Mediators per Tissue Weight (milliunits/g liver)" 6 

PDH phosphatase Lipogenesis 





(stimulating activity) 


(lipogenic activity) 


Human liver type 


1250, 1960 [N] (n = 2) 


No activity {N] 




1487 ± 297 [D] (n = 3) 


No activity [DJ 


Human liver type A 


600,466 IN] (n = 2) 


2640 ± 231 (n = 3) 




480 i 280 [u] in = 3) 


551 ± 119 (n = 7) 


Controls 






Rat liver type P (no insulin)** 


2456 ± 364 in = 6) 


No activity 


Rat liver type P (insulin-treated animals)* 


3609 ± 265 (n = 5) 


No activity 


Rat liver type A (no insulin ^ 


1280, 2900 (n = 2) 


1546, 1870 (/I = 2) 


Rat liver type A (insulin-treated animals)* 


1693 ± 620 (n = 3) 


2222 ± 447 (n = 3) 



° Unit of activity: A unit of activity is defined as the amount causing a 50% activation in the basal level of the test system. 
* In the lipogenesis assay, 1 nM insulin has an activity of 5160 ± 310 (n = 20) milliunits equivalent 

c The values for human liver are from two separate livers, normal [N] and diseased [D] (see Materials and Methods). Values are 
expressed as ± SEM for repeat extractions n > 2 of the same liver. 

d For the rat liver data, the n value represents different independent extractions of separate liver preparations. Each lipogenesis assay 
was performed in triplicate. Two separate values are given, for sham-injected rats or for livers extracted 2 min after an injection of 50 
munits of insulin. Both groups were starved overnight. 



determine whether human IPG subtypes affected 
cell proliferation in the CVG obtained from 72-h 
chicken embryos. Explant cultures of CVG were 
maintained for 24 h under five different conditions: 
serum-free medium, medium containing 10% FCS, 
medium containing IPG prepared from rat liver by 
treatment with PI-PLC, and medium containing ei- 
ther human liver IPG type A or IPG type P (1/100 
final dilution). Figure 6 shows a representative ex- 
periment of four independent experiments per- 
formed in triplicate. Measurements of [ 3 Hlthymidine 
incorporation revealed that explant cultures of CVG 
incorporated greater amounts of [ 3 H]thymidine in 
the presence of either rat liver IPG or human liver 
IPG type A (Figs. 6b and 6c, respectively). In the 
case of human IPG type A, there was a 2.3 ± 0.1- 
fold increase over the control and a 2.9 ± 0.3-fold 
increase in the presence of rat liver IPG. Control 
samples incorporated an average of 1900 ±110 cpm 
per explant. However, IPG type P had a negligible 
effect when assayed under the same conditions in 
parallel experiments (Fig. 6d). 

[ 3 H]Galactose-Glycolipid Purification and 
Characterization 

Putative GPI was purified from human liver mi- 
crosomes and radiolabeled by treatment with galac- 
tose oxidase and NaB 3 H 4 . The rationale of this 
method is that galactose oxidase is able to oxidize 
galactose molecul s which will b lat r reduced with 
[ 3 H]sodium borohydride, with tritium being incorpo- 



rated into the exocyclic C-6 position of galactose/ga- 
lactosamine. After labeling, the radioactive glyco- 
lipid was purified by sequential t.l.c. and the major 
radioactive peak Cfy0.57) was eluted with methanol 

1 2 3 4 5 6 

8Br-cAMP - + + + + + 
Insulin + 

IPG-A + . 

IPG-P - - - - - + 



PEPCK - mm mm 



28S- 
18S- 




FIG. 5. Modulation of PEPCK mRNA levels by IPGs in H4IIE 
hepatoma cells. After 24 h of serum starvation, cultures of H4IIE 
cells were incubated in the absence (lane 1) or the presence of 8- 
Br-cAMP for 3 h (lane 2) or 5 h (lanes 3 to 6). Insulin (lane 4), 
IPG type A (lane 5), or IPG type P (lane 6) was added to the 
medium for the last 2 h of 8-Br-cAMP treatment. PEPCK mRNA 
levels were analyzed by Northern blotting. An autoradiogram of 
a typical experiment is shown alongside the ethidium bromide- 
stained agarose gel. 
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FIG. 6, Effect of human IPGs on the growth of C VG. Appear- 
ance of CVG obtained from 72-h (stage 19-20) chicken embryos 
following a 24-h culture in M-199 Medium alone (a) or M- 199 
containing rat liver IPG (b), human liver IPG type A (c) f human 
liver IPG type P (d), or 10% FCS (e). Calibration bar, 100 fim. 



and analyzed by tJ.c. Only one radioactive peak was 
detected at the origin of the acidic solvent t.l.c. plate 
(Fig. 7a). However, when the plate was developed in 
a basic solvent system (Fig. 7b) a wide band was 
observed. The 3 H-labeled glycolipid was then re- 
solved on a HP-t.l.c. plate in a basic solvent system 
under conditions which yielded three main spots 
with Rvalues of 0.72, 0.75, and 0.78 (Fig. 7c). 

In order to study whether any components of the 
major radioactive peak (prior to separation by HP- 
t.l.c) had properties consistent with a GPI structure 
it was subjected to different PLC treatments. The 
3 H-labeled glycolipid was resistant to hydrolysis by 
GPI-PLC from T. brucei (42) but was partially sensi- 



tive to hydrolysis by PI-PLC from B. thuringiensis 
(17.5% cleavage, n = 3). 

DISCUSSION 

This work shows that human liver contains IPG- 
like molecules. These IPGs exhibit similar chemical 
and biological characteristics to those purified from 
insulin-stimulated rat tissues (14). Both IPGs pos- 
sess distinct insulin-like activities. Putative human 
IPG type P strongly stimulated PDH phosphatase, 
weakly inhibited cAMP-dependent protein kinase, 
but was inactive in stimulating lipogenesis. Puta- 
tive human IPG type A inhibited cAMP-dependent 
protein kinase to a greater extent, decreased the 
expression of 8-Br-cAMP preinduced PEPCK in rat 
hepatoma cells, and stimulated lipogenesis in rat 
adipocytes. In addition, IPG type A mimicked IGF- 
I action in the developing chicken inner ear by in- 
ducing cellular proliferation in organotypic cultures 
of CVG. Both IPGs stimulated the proliferation of 



^ Solvent front 



PI 




b c 



FIG. 7. Thin-layer chromatographic properties of | a H]GPL 
| :, H]GPI was applied to tlx. and HP-t.l.c. plates which were devel- 
oped in various solvent systems (see Materials and Methods). 
Radioactivity on the plates was detected by autoradiography after 
spraying with En a Hance. The panels show (a) migration ofl^Hl- 
GPI in the acidic solvent system, (b) migration of ( 3 H]GPI in the 
basic solvent system, and (c) migration of [ 3 H]GPI in the basic 
solvent system specific for HP-t.l.c. Abbreviations used for au- 
thentic phospholipid standards: PIP Jt phosphatidylinositol-4,5- 
bisphosphate; PIP, phosphatidylinositol-4-phosphate; PI, phos- 
phatidylinositol; PC, phosphatidylcholine; PE, phosphatidyletha- 
nolamine; PA, phosphatide acid. 
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EGFR T17 cells. The nomenclature IPG type A de- 
notes that this type is the predominant inhibitor of 
the cAMP-dependent protein kinase, while IPG 
type P denotes its unique ability to stimulate the 
PDH phosphatase (13,15). Our data are consistent 
with the presence of type A and type P insulin- 
mimetic IPGs in human liver. Further, the ability 
of the human dsrived mediators to interact with 
bovine metabolic enzymes and rat adipocytes sug- 
gests similarity in structure between the mediators 
purified from different species. 

The biological activities of the IPGs isolated from 
human liver were maintained after treatment with 
Pronase E. This indicates that their activity was not 
due to the presence of either protein or peptides in 
the preparation. The presence of phosphate, free 
amino groups, and carbohydrate in both IPG types 
agrees with the chemical composition reported for 
IPGs isolated from other sources (11, 12). The carbo- 
hydrate nature of the putative IPGs is supported by 
their behavior in the descending paper chromatogra- 
phy system used, which is characteristic of carbohy- 
drate-containing compounds and resembles that ob- 
tained for the IPGs isolated from insulin-stimulated 
rat tissues (14). Further, anion exchange chromatog- 
raphy utilising pulsed amperometric detection indi- 
cated the presence of multiple carbohydrate species 
in the paper chromatography-purified type A and 
type P mediator fractions (data not shown). The 
presence of dual-charged moieties within the human 
IPGs was confirmed by their migration pattern in 
HVE and their interaction with ion exchange resins. 
The high correlation observed between phosphate 
content and the ability to stimulate cell proliferation 
(and PDH phosphatase stimulating activity for the 
type P mediator) strongly suggests that phosphate 
is a key component of both mediators. This result is 
in agreement with that reported for IPG purified 
from rat liver GPI by PI-PLC treatment (43). 

In addition to the direct extraction methods (e.g., 
ref 29) or the release of IPG into medium following 
growth factor stimulation of intact cells (e.g., ref 44), 
IPG molecules with biological activity have also been 
obtained by treatment of membrane or purified gly- 
colipid with preparations of B. thuringiensis- or 
Staphylococcus awreus-derived PI-PLC (e.g., ref 25). 
The extraction, purification, and labeling of glyco- 
lipid from human liver membranes was performed 
as described for rat and bovine liver (30). The chro- 
matographic profile obtained was identical to that 
r ported for the insulin-modulated GPL Three main 
lipidic bands were observed similar to those found 



for human and murine T-lymphocytes (33,34) and 
murin EGFR T17 fibroblasts (26). The recovered 
glycolipid was completely resistant to GPI-PLC from 
T. brucei, suggestive of the absence of mannose resi- 
dues linked to the hexosamine moiety which is the 
minimal structural motif needed in the GPI anchors 
to be substrates for the GPI-PLC (42). The glycolipid 
was partially cleaved by B. thuringiensis-derived PI- 
PLC, which would give an IPG containing a cyclic 
phosphate on the inositol residue. 

To date no GPI-PLC activity has been recovered 
from mammalian tissues. Analysis of released GPI- 
anchored proteins from mammalian tissues has 
shown the absence of a cyclic phosphate moiety on 
the inositol, consistent with the action of a lipase 
with GPI-PLD activity (45). Recently an IPG inhibi- 
tor has been isolated fro m human serum which has"" 
ifeen proposed tQ'COhtain inositol with a cyclic phos- 
p hate residue since treatment with 10 mM HC1 de- 
stroyed the bioactivity (46). riowever, this group is 
staBIe-at"thio pH and othe r" acid-labile constituents 
must account for the loss in biological activity (un- 
published observations). It is not clear if prepara- 
tions of the bacterial-derived PI-PLC are active due 
to the presence of contaminating GPI-PLD activities. 
The activity profile of the material released by the 
bacterial enzymes suggests that IPG with type A 
characteristics may predominate (43). It was not 
possible to directly address this issue in the present 
study due to the small amount of activity which 
could be recovered following PI-PLC treatment. This 
may have been due to the inefficiency of the J5. thur- 
ingiensis PI-PLC per se or to a small amount of IPG 
lipidic precursor in the glycolipid preparations or the 
presence of the cyclic phosphate residue on released 
IPG. In addition, the precursor for IPG type-P has 
not yet been isolated, but since it may contain chiro- 
inositol it would not be a substrate for the PI-PLC. 
It has previously been proposed that the IPG con- 
tains non-N-acetylated hexosamine residues analo- 
gous to the GPI which forms the anchor of many 
membrane proteins (6,13). We were able to demon- 
strate that free amino groups correlated with the 
presence of bioactive material (Fig. 1). Results of 
nitrous acid deamination experiments (data not 
shown) were ambiguous due to inefficient and bias 
recoveries and to the observation that a fraction of 
the soluble type P mediator has hydrophobic charac- 
teristics, e.g., binds to the C-18 support (Table 1). 

The importance of IPG in insulin signaling comes 
from both in vitro and in vivo data. Both insulin 
action and breakdown of GPI correlate with insulin 
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receptor levels (47). An antibody raised to an enzy- 
matically (a-galactosidase) and chemically modified 
(mild acid). PI-PLC-solubilized form of the GPI-an- 
chored VSG from T. brucei blocks some, but not all, 
of the effects of insulin (23, 28, 29) or other growth 
factors such as NGF (48). Mutant cells unable to 
make GPI respond to insulin by tyrosine phosphory- 
lation, but without metabolic effects (9), and cells 
bearing kinase-deficient insulin receptors do not hy- 
drolyse GPI following insulin stimulation (49). 

Several diabetic animal models have biochemical 
alterations which are consistent with a role for IPG/ 
GPI in insulin action and defects in this signaling 
system may contribute to the diabetic pathogenesis. 
For example, insulin-induced hydrolysis of GPI does 
not occur in adipocytes and is reduced in hepatocytes 
from spontaneously diabetic Goto-Kakizaki (GK) 
rats (50). Adipocyte glycerol-3-phosphate acyltrans- 
ferase (G3PAT) is also not activated by insulin in 
intact and cell-free preparations (50). However, the 
type P mediator isolated from bovine liver is able to 
bypass the G3PAT defect and comparably activate 
G3PAT in cell-free adipocyte preparations fronrboth 
the diabetic GK and the nondiabetic control rats 
(50). Insulin-stimulated hydrolysis of GPI in adipo- 
cytes from streptozotocin-diabetic rats has also been 
shown to be impaired (51,52). 

In diabetic New Zealand obese (NZO) mice, adipo- 
cyte PDH is unresponsive to insulin stimulation. 
IPG isolated from insulin-stimulated NZO adipo- 
cytes is able to activate PDH in adipocytes from non- 
diabetic lean New Zealand chocolate (NZC) mice, but 
paradoxically causes a decrease in mediator produc- 
tion or activity in adipocytes of NZO mice (44). These 
results suggest that in NZO mice there is a postre- 
ceptor defect of insulin action at the level of pyruvate 
dehydrogenase activation (i.e., type P mediator). 
Changes in the IPG/GPI signaling system have also 
been reported in isolated hepatocytes in genetically 
obese (fa/fa) rats (53). 

There is decreased urinary c/iiro-inositol (the pro- 
posed hydrolysis product of type P mediator) excre- 
tion in spontaneously diabetic (fat) rhesus monkeys 
(54), and cAiro-inositol lowers plasma glucose in 
such monkeys and in streptozotocin-treated rats and 
activates glycogen synthase (55). These studies are 
all complicated by the recent report that the type P 
mediator contains pinitol rather than c/u>o-inositol 
(56). Intravenous infusion of the mediators in strep- 
tozotocin-treated rats decreases plasma glucose 
without a change in the serum insulin concentra- 
tions and i.p. injection results in glycogenic changes 



in the diaphragm, with the type P mediator being 
50-100 times more active than the type A (54). A 
recent study has shown that infusion of the type P 
mediator normalizes plasma glucose in streptozo- 
tocin diabetic rats at a dose equivalent to insulin 
without inducing hypoglycemia (56). 

In humans, postreceptor tissue insulin resistance 
of glucose metabolism is a feature of non-insulin- 
dependent diabetes mellitus (NIDDM) and many 
other disorders (46). The decreased urinary chiro- 
inositol secretion found in patients with type II dia- 
betes (57,58) suggests a postreceptor defect in hu- 
man patients similar to that of some of the above 
animal models, although not all studies have been 
able to confirm these observations (59). Insulin resis- 
tance could either result from an intrinsic defect in 
insulin signaling pathways or be caused by the pres- 
ence of a circulating inhibitor of insulin action, or 
both. Defects in IPG-associated mediator pathways 
therefore are key targets for investigations on the 
pathogenesis of NIDDM, especially since a defect in 
glucose homeostasis is not evident in GLUT4 knock- 
out mice (60) and IRS-1 knockout mice can still re- 
spond to insulin (3). The latter, however, may b the 
result of the presence of a second recently cloned 
IRS-signaling protein designated IRS-2 (4). 

In summary, we report here for the first time the 
presence of two different IPG molecules, type A and 
type P, in human liver. These IPGs exhibit distinct 
insulin-like biological effects. In addition, human 
liver contains putative lipidic IPG precursors. There- 
fore, all the elements of the IPG signaling system 
exist in human liver, a target organ of insulin action. 
Further structural and functional studies are 
needed to assess the importance of liver-derived 
IPGs in insulin signaling in normal and pathological 
states, such as type II insulin-dependent diabetes. 
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Growth factors and certain oncogenes activate a range 
of phospholipid-mediated signal transduction pathways 
resulting in cell proliferation: Phosphatidyl myoinositol 
(PI) occupies a unique position in that it can undergo 
reversible phosphorylation at multiple sites to generate 
five different phbsphoinositides, 1 while its metabolites 
regulate two pathways important for cell proliferation: 
the inositol phbsphate/diacylglycerol signaling path- 
way 2,3 and the phbsphatidylinositol 3 -phosphate (PI-3- 
kiriase) pathway. In the first pathway, Pi-specific 
phospholipase C (PI-PLC) hydrolyses a minor mem- 
brane phospholipid, Pl(4,5)P2, to give the Water-soluble 
Ins(l,4,5)P3 and a lipophilic dtacylglycerol (DAG). Ins- 
(1,4,5)1*3 interacts specifically with membrane receptors 
to release Ca 2+ ; 6 a key event in c^liiilar signal trans- 
duction, while DAG is ah endogenous ac^vatbr of 
protein kinase C (PKC). 7 Ins(l,4i5)P 3 is metabolized by 
either hydrolysis of the phosphate at position 5 giving 
Ins(l,4)P2 or phosphorylation at position 3 giving Iris- 
(1,3,4,5)P4. Ins(l,4)P2 is not active as a Ca 2+ -mobi|izing 
agent and is subsequently degraded by other phos- 
phatases. However, it has been suggested that Ins- 
(1,3,4,5)P4 may play a role hi refilling the intracellular 
Ca 2+ stores with extracellular Ca 2 ^. 8 Together, the 
increase in [Ca 2+ ] and the increased activity of PKG lead 
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to a sequence of events that culminate in DNA synthesis 
and cell proliferation. 

In the second pathway, PI-3-kinase has been found 
associated with almost every growth factor receptor or 
oncogene transformation . 9 PI-3-kinase phosphorylates 
PI at position 3 of the /rcyo-inositol ring to give a class 
of Pis that are poor substrates for hydrolysis by PI-PLC, 
e.g., PI(3,4)P 2 and PI(3,4,5)P 3 . The exact mechanism 
by which 3-phosphorylated Pis modulate cell growth is 
not known, but they appear to be important modulators 
of protein interaction and enzyme activity through 
binding to specific sites oh proteins. ; For exahiple, 
binting of Pi(3,4)P 2 , PI(4,5)P 2> or PI(3,4,5)P 3 to pleck- 
strin-hbmotqgy (PH) domains tin enzymes such as AKT 
(protein Mnase B) leads to enzyme activation, whereas 
the Src-homplpgy-2 (SH2) domain that mediates protein 
tyrosine phosphate binding binds specifically PI(3,4,5)- 
P3. 10 Some studies have also provided evidence that 
PKC is activated, by PI(3,4)P 2 and PI(3 > 4,5)P 3 , U -^ while 
adapter protein-2 (AP-2) is the only protein with high 
affinity and- ispi^er-specific binding to PI(3)P. 14 Thus, 
inhibition of the production of such lipids produced by 
PI-3 kinase can result in inhibition of many acute 
cellular responses. The fungal metabolite wortmanrim, 
an inhibitor of PI-3-kinase^ 5 has shown antitumor 
activity in animal models but is relatively toxic and 
nonspecific arid inhibits a variety of other related 
kinases, : 

Our studies have been directed toward the synthesis 
of 3-substituted wyo-inositol derivatiyes:to Selectively 
block the effects of rnyo-inpsit^l-derived second mes- 
sengers on cell proliferation and transforation while 
leaving other aspects of /ttyp-inos^ unaf- 
fected. This strategy may offer a basjs for the selective 
control of cancer cell ; growth without disrupting the 
function of normal cells. approach has been to 
synthesize PI analogues mb^fied on the inositol ring 
and then to imprpve the, antiproliferatiy e activity of the 
most jprti^ making additional changes 

in the diacyjglycerpl moiety. We have found that 1d^ 
3-depx^hpspta^ (I) 1 ® (Chart 1) and its 

3-fluoro derivative 2 17 at relatively high concentrations 
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Chart 1 




1 X = H; Y = 0; R 1 = R 2 =s paimitoyt 

2 X = F; Y = 0; R 1 = R 2 = palmitoyl 

3 X = H; Y = CH 2 ; R 1 = R 2 = palmitoyl 

4 X = H; Y = 0; R 1 = Me; R 2 = C 18 H 37 -/) 

5 X = H; Y = CH 2 ; R 1 = Me; R 2 = C :s H 27 -r? 

6 X = OH; Y = 0; R 1 = Me; R 2 = C 16 H 3r n 



Scheme 1 

gco(o-c 15 H 31 ) 



(COCI) 2 , DMF (cat.) 
CH 2 CI 2 , rt, 4hr 
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Scheme 2 



OBn 

OH 



BnO 
9 



BnOP[N(/-Pr) 2 ] 2 , 
iso propytammoniur 

tetrazolide, CH 2 CI 2 , rt 



. - OBn 
diisopropytam monium Bnp-T-— J 



1) l-O-cctadecyl-2-O-Me- 
sn-glycerol, tetrazote, 
CH 2 CI 2 -CH 3 CN;, 

2) terf-BliOOH. CH 2 C! 2 . rt : 
74% (3 steps) 



5 bar H 2 , 20% PdtOH^C 
fert-BuOH, rt, 96% 



BnO 



OBn 
N(APr) 2 



10 



OBn 



^IJ?~Z^z!o-p- 



BnO 



OMe 

O^^OC^Hay-o 



O OBn 
11 



OH 



'0^>s^OC 18 H 37 -n 



HO 



0' OH 




OCO(n-C 15 H 31 ) 
OCO(n-C t5 H 31 ) 



OBn 



OH 



BnO 



1) hPr 2 NEt,DMAP (cat.) 

2) hydrolysis; 54% 




OCO(rvC, 5 H 31 ). 



5 bar H 2 / 
20% Pd(OH) 2 /C 

Jort-BuOH, rt 
95% 



inhibit colony formation by HT-29 human colon carci- 
noma cells, with IC50 Yajues pf :35 knd 37 ^M, respec- 
tively. We hypothesize that th§ relatively low potency 
of these compounds may be due ta their hydrolysis by 
phospholipases including PI-PJjC, and the DAG pro- 
duced by hydrolysis ca^^activate PKG and may lead to 
tumor, cell proliferation. 

To decrease the susceptibility; of the t 3-deoxy-PI ana- 
logues to phosphohpasei hydrb^ adopted two 
separate synthetic strategies, First, we synthesized a 
phosphonate derivative (3), in which the s/i-3 oxygen of 
the DAG is replaced by me^^ this 
compound resistant to hy^ and main- 
taining relatively high concentre tiohas an antimetabo- 
lite in the PI-3-kinase si^aling ;path way (Scheme 1). 
Second, we synthesized ether lipid of 3-deoxy- 
PI. The ether lipid analogue:^ js of synthetic interest 
not only because of its greater stability to phospholi- 
pases but also due to the known antitumor activity of 
some members of its family. 18 Ether lipids such as 1-0- 
octadecyl-2-O-methylgly^ (edelfosine) 
are inhibitors of PI-PLC with ICso's in. 'the low micro- 
molar range. 1 ® Thus we expected that the 3-deoxy-PI 
ether lipid would not be a substrate for PI-PLC. A 
further advantage of the ether lipids is that they have 
shown intrinsic antitumor activity against d variety of 
tumor types. Some ether lipid analogues that have 
undergone clinical trial as antitumor agents are inhibi- 
tors of PI-3-kiriase 20 They affect several aspects of lipid 
intracellular signaling, arid their antitumor activity may 
arise from a combination of effects on the signaling 
pathway. i-0-Octkdecyl-2-0-methylphosi)hatidylinosi- 
tol (6), however, has not shown good antitumor activ- 
ity. 21 

For the synthesis of the phosphonate analogue 3 
(Scheme 1), the dichloride 8 was prepared from (S)-3,4- 



Scheme 3 
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OBn 
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OMe 
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bis(palmitoyloxy)butylphosphonic acid (7) 22 with oxalyl 
chloride in the presence of a catalytic amount of DMF 
at room temperature. The inositol component, lD- 
2,4,5, 6-tetra-0-benzyl-3-deoxy r myp-inositoi (9), was ob- 
tained as reported before. 23 Phosphorylation of 9 with 
8; in the presence of a base afforded monoester chloride 
intermediate which was transformed into 10 by hy- 
drolysis, a reaction which proceeded in a surprisingly 
sluggish manner. After purification by preparative 
TLA catalytic hydrogenation of 10 using Pd(OHVC in 
£enf-butyl alcohol 24 provided the target phosphonate 3 
in good yield. 

We also tested the hypothesis : that an ether lipid 
analogue would be a more potent inhibitor of cell 
growth. Compound 4 was synthesized with 1-O-octa- 
decyl-2-0-methyl-stt~gl}rcerol instead of dipalmitoyl- 
glycerol through similar steps as in the synthesis of I 23 
(Scheme 2). Phosphonate 5 was also synthesized to 
prevent PI-PLC hydrolysis. Synthesis of compound 5 
was effected through /f-phosphonate methodology 25 
using ammonium O-benzyl-ff-phosphonate (12) (Scheme 
3), which is readily available by hydrolysis of dibenzyl 
phosphite with ammonium hydroxide. 26 The phospho- 
rylation of 9 was complete within 10 min after addition 
of pivaloyl chloride into a dichloromethane solution of 
9, 12, and pyridine at room temperature. Subsequent 
alkylation of i/-phosphonate 13 with Mel provided 
methyl phosphonate 14, 27 the anion of which was then 
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Table 1. Effects of Compounds 1-5 on PI-PLC and 
PI-3-kinase Activity and Growth Inhibition of Hf-29 in Vitro 



compd 


PI-PLC 


PI-3-K 


" growth inhibition HT-29 


1 


N/A 6 


>250 a 


35° 


2 


8 


30 


37 


3 


N/A* 


N/A* 


10 


4 


19.9 


2.5 


2.1 


5 


10 


5.3 . 


45 



° Reported in ref 16. 6 N/A, not active, with <2Q% inhibition at 

i nn jiM 

" — i 



Table 2. Antitumor Activity of 1 and 4 against HT-29 Human 
Colon in Scid Mice 



compd dose tumor vol 6 6n 

(mg/kg) schedule 0 day 10 (cm 3 ) T/C (%): P c 



control 




0.27 ± 0.04 






X 

500 
250 


ip, qd 4-5 
ip, qd 4-7 


lethal 
0.30 ± 0.06 


nil 


NS 


4 

150 
100 
50 


ip, qd 4-7 
ip, qd 4-7 
ip, qd 4-7 


0.09 ± 0.07 
0.32 ± 0.09 
0.28 ± 0.05 


33.3 
li8.0 
103.7 


<0.05 

NS 

NS 



0 e.g., 250 mg/kg ip, qd 4-7 means that the 250 mg/kg dose was 
given as an intraperitoneal injection each day from days 4 to 7 (4 
daily injections) after the tumors were implanted. 6 Tumor volume 
values are the mean for 8 mice per group with SE. c The P column 
is the significance value for a Student's test comparing the tumor 
volumes in the treated group to the tumor volumes in the control 
group; 0.05 is usually the maximum value for significance. NS, 
not significant, meaning that these studies were not repeated. 

coupled with the triflate of l-O-octadecyl-2-O-methyl- 
src-glycerol to provide the fully protected precursor 15. 28 
Final hydrogenation furnished the desired phosphonate 
5. 

Biological Activity. In vitro inhibition of bovine PI- 
PLC 19 and of bovine brain pll0/p : 85 PI-3-kiiiase 16 was 
measured as previously described; 16 Inhibition of colony 
formation in soft agarose of HT-29 colon carcinoma cells 
with continuous 7-day drug exposure was measured as 
described. 16 

The most important result is the finding that replace- 
ment of the diacylglycerol moiety with an ether lipid 
group results in sin over 15-fold increase in growth 
inhibition activity (compare 1 and 4). Although replace- 
ment of phosphate by phosphonate increases the growth 
inhibiting activity of 3-deoxy-PI by almost 3-fold (com- 
pare compounds 1 and 3), it decreases the growth 
inhibiting activity of the 3-deoxy ether lipid analogue 
(compare 4 and 5). These compounds are only weak 
inhibitors of PI-PLC compared to l-Q-octadecyl-2-O- 
methylglycerophosphocholine which has an IQsq under 
the same assay conditions of around 1 fiM.P The 
3-deoxy ether lipid Pis were relatively potent inhibitors 
of PI-3-kinase with IC50 values of 2-5 ptM. O-Octadecyl- 
2-O-methylglycerophosphocholine has previously been 
found to be an inhibitor of PI-3-kinase with an IC50 of 
35 ftM, while myo-inositol-containing analogue 6 is a 
much weaker inhibitor with an IC&o of 90 //M. 30 Thus, 
the presence of a 3-deoxy-myo-inositol moiety appears 
to impart PI-3-kinase inhibiting activity to the com- 
pounds. 

Prehminary studies of in vivo antitumor activity were 
conducted in scid (severe combined immunodeficient) 
mice implanted subcutaneously with 10 7 HT-29 human 
colon adenocarcinoma cells. Injection of compounds 1 



and 4 was begun 4 days after tumor inoculation in 
groups of 8 mice as 4 daily intraperitoneal injections of 
the compounds suspended in 3% EtOH, 3% Tween 20, 
0.9% NaCL Tumor volume was measured with calipers 
on day 10. As shown in Table 2, compound 1 was lethal 
at a daily dose of 500 mg/kg and exhibited no antitumor 
activity at one-half this dose. Compound 4 was not toxic 
at the highest dose tested of 150 itig/kg/day and inhib- 
ited tumor growth by 67%. There was no antitumor 
activity at doses of 100 and 50 mg/kjg/day. 

lii: summary, we present the synthesis and the bio- 
activity of several rationally designed phosphatidyli- 
npsitpl analogues . Further studies 6f these compounds 
iri amnials using other tumor xenografts will be reported 
in dUe course. 
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